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Both  superoxide  anion  (O2")  and  nitric  oxide  (NO)  are 
free  radicals,  possessing  oxygen  atoms  with  unpaired 
electrons.   They  can  mediate  oxidative  damage  of  cellular 
proteins,  lipids,  and  DNA,  and  assist  phagocytes  in  killing 
microorganisms  and  tumor  cells.   To  minimize  injury,  cells 
enzymatically  regulate  the  synthesis  of  NO  ,  and  the 
catalysis  of  Oj".   These  studies  examined  the  regulation  of 
two  key  enzymes  in  this  scheme:  inducible  nitric  oxide 
synthase  (iNOS) ,  and  manganese  superoxide  dismutase  (MnSOD) . 

By  northern  analysis,  iNOS  mRNA  was  undetectable  in 
unstimulated  murine  macrophages,  but  its  induction  by 
bacterial  lipopolysaccharide  (LPS)  was  rapid  and  dramatic, 
and  was  blocked  by  inhibition  of  new  protein  or  RNA 
synthesis.   Expression  of  iNOS  mRNA  was  induced  by 
interferon-7  and  interleukin-10,  and  combinations  of  these 
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cytokines,  with  or  without  LPS,  synergistically  elevated 
iNOS  mRNA.   In  contrast,  iNOS  mRNA  remained  undetectable  in 
human  monocytes. 

To  identify  cis-acting  sequences  regulating  MnSOD 
expression,  transient  transfection  studies  in  rat  lung 
epithelial  cells  and  deletion  analysis  of  the  MnSOD  5 ' 
flanking  sequence  were  used.   MnSOD  transcription  starts  74 
bp  5'  to  the  first  ATG  signal  (+1),  and  sequence  from  -227 
to  -42  was  sufficient  for  both  basal  and  inducible 
expression  of  the  reporter  gene.   After  shortening  the  MnSOD 
sequence  to  77  bp  (from  -119  to  -42)  expression  was 
undetectable.   LPS  and  tumor  necrosis  factor-a  (TNF-a) 
stimulated  expression  about  2.5  fold.   The  GC-rich  MnSOD 
promoter,  from  -227  to  -42,  contains  2  DNase  I 
hypersensitive  sites,  but  no  consensus  sequences  for  known 
transcription  factors. 

Adding  6.1  kb  of  MnSOD  genomic  sequence  to  an 
expression  vector  containing  2.5  kb  of  5'  flanking  sequence 
had  no  effect  on  basal  expression,  but  resulted  in  a  5-fold 
induction  by  LPS,  TNF-a,  and  interleukin-la  (IL-la) .   This 
MnSOD  enhancer  functioned  well  only  in  the  5 '  to  3 ' 
orientation.   Using  deletion  analysis,  the  enhancer  activity 
was  localized  to  a  3.8  kb  fragment  from  position  +1105  to 
position  +4941.   This  enhancer  may  be  novel  with  respect  to 
the  combination  of  its  orientation  dependence,  location 
within  a  gene,  and  responsiveness  to  LPS,  TNF-a  and  IL-la. 


CHAPTER  1 
INTRODUCTION 


Free  Radicals — Biological  Roles 

A  free  radical  is  any  molecule  that  contains  one  or 
more  unpaired  electrons.   The  two  free  radicals  relevant  to 
this  discussion,  superoxide  (Oj)  and  nitric  oxide  (NO )  ,  are 
short  lived,  highly  diffusable  and  reactive  gases  that  are 
widely  distributed  throughout  our  oxygen  rich  environment. 
In  living  organisms  both  Oj"  (Maly  et  al.,  1993;  Smith  and 
Curnett,  1991)  and  NO  (Karupiah  et  al.,  1993;  Flynn  et  al. 
1993;  Green  et  al.,  1991;  Lin  et  al.,  1994)  have  been  shown 
to  have  important  homeostatic  roles  in  defense  against 
infection.   However,  if  allowed  to  accumulate  in  excess,  Oj" 
(Freeman  and  Crapo,  1982;  Kehrer,  1993)  and  NO  (Kilbourn  et 
al.,  1990;  Bredt  and  Snyder,  1994)  become  highly  toxic. 
Superoxide  anion,  or  its  reaction  products  following 
asssociation  with  a  proton  or  metal  cation,  can  cause 
oxidation  of  sulfhydryl  enzymes  (Freeman  and  Crapo,  1982) , 
lipid  peroxidation  (Svingen  et  al.,  1978)  and  base 
modification  or  strand  scission  of  DNA  (Brown  and  Fridovich, 
1981) .   Such  Oj'  mediated  tissue  injury  is  thought  to  occur 
during  aging,  inflammation,  ischemia-reperfusion,  and 
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breathing  hyperoxic  gas  mixtures.   NO  excess  may  help 
mediate  the  cardiovascular  collapse  that  accompanies  septic 
shock  (Kilbourn,  et  al.,  1990a).   In  addition,  these  two 
free  radicals  can  react  with  each  other  to  form  another 
toxic  anion,  peroxynitrite  (ONOO)  that  may  result  in  neural 
and  endothelial  damage  (BecJcman  et  al.,  1990;  Beckman  et  al, 
1993;  Beckman  et  al.  1994). 

One  electron  reduction  of  oxygen  produces  the 
superoxide  radical,  0{ ,    and  it  is  formed  as  a  by-product  of 
mitochondrial  respiration  primarily  at  the  sites  of 
ubiquinone-cytochrome  b  (Boveris,  1977)  and  NADH- 
dehydrogenase  (Turrens  and  Boveris,  1980) .   In  addition, 
specialized  eukaryotic  cells  have  capitalized  on  the  toxic 
effects  of  this  free  radical.   Phagocytic  cells,  including 
neutrophils,  eosinophils,  monocytes  and  macrophages,  employ 
the  enzyme  NADPH  oxidase  to  produce  large  quantities  of 
superoxide  to  help  kill  certain  types  of  bacteria  (Segal  and 
Abo,  1993) .   An  inherited  inability  to  generate  superoxide 
by  these  cells  results  in  the  disorder  known  as  chronic 
granulomatous  disease  (Dinauer,  1992) ,  an  immune  deficiency 
disorder  characterized  by  recurrent  lung  infections  and  a 
fatal  outcome.   Large  numbers  of  these  phagocytic  cells  are 
recruited  to  every  site  of  inflammation  in  the  body  to 
remove  necrotic  debris.   As  a  result,  high  local  levels  of 
superoxide  free  radicals  are  generated  that  are  potentially 
toxic  to  neighboring  healthy  cells. 
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Certain  pathogenic  microorganisms  escape  the  toxic 
effects  of  superoxide  and  are  well  adapted  to  surviving  and 
multiplying  inside  phagocytic  cells.   These  organisms 
include  some  important  human  pathogens  such  as  Mycobacterium 
tuberculosis  that  causes  tuberculosis,  Plasmodium  species 
that  cause  malaria,  and  Listeria  myocytogenes ,  an  organism 
that  can  cause  sepsis  and  meningitis  in  newborns  and 
immunodef icient  individuals.   To  help  combat  these 
infections,  macrophages  and  hepatocytes  enzymatically 
elaborate  the  free  radical  nitric  oxide,  NO  (Green  et  al., 
1991;  Wood  et  al.,  1993;  Liew  et  al.,  1990;  Evans  et  al., 
1993;  Geller  et  al.,  1993;  Geller  et  al.  1993). 

In  addition  to  nonimmune  host  defense,  many  other 
functions  have  been  identified  for  superoxide  and  nitric 
oxide  free  radical  molecules.   Both  have  demonstrated  anti- 
tiimor  activity  (Wong  et  al.,  1989;  Lorsbach  et  al.,  1993). 
Nitric  oxide  also  functions  as  a  local  intercellular  second 
messenger.   In  both  the  central  and  peripheral  autonomic 
nervous  system  NO  is  a  neurotransmitter  (Nathan,  1992; 
Desai  et  al.,  1991).   Within  the  cardiovascular  system 
nitric  oxide  is  a  potent  endogenous  vasodilator  produced  by 
endothelial  cells  that  relaxes  underlying  vascular  smooth 
muscle  (Kilbourn,  1990b) . 

Superoxide  also  forms  as  a  result  of  electrons 
"leaking"  onto  oxygen  from  various  components  of  the 
electron  transport  chains,  such  as  those  of  the  mitochondria 
and  the  endoplasmic  reticulum  (Boveris,  1977;  Turrens  and 
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Boveris,  1980) .   The  amount  of  leakage  is  increased  as  the 
local  concentration  of  oxygen  is  raised,  resulting  in  one 
source  of  oxidative  stress  for  the  cell.   In  the  medical 
setting,  oxygen  is  commonly  increased — either  with  the 
administration  of  hyperoxic  inspired  gas  mixtures  or 
following  an  interruption-then  restoration  of  tissue 
oxygenation.   The  resulting  excess  superoxide  and  its 
reaction  products  are  the  basis  of  hyperoxia- induced 
pulmonary  toxicity  and  ischemia-reperfusion  injury. 

Superoxide  Dismutases 

The  cellular  components  susceptibile  to  injury  by 
superoxide  mediated  oxidation  include  lipids,  DNA,  and 
proteins.   To  protect  against  toxic  effects  of  superoxide 
and  its  metabolites,  eukaryotic  cells  possess  anti-oxidant 
enzyme  systems  that  include  the  superoxide  dismutases 
(Harris,  1992) .   These  metalloenzymes  catalyze  the  reaction 
of  superoxide  with  hydrogen  ions,  forming  hydrogen  peroxide 
and  oxygen,  and  thereby  accelerating  the  destruction  of 
superoxide  by  about  four  orders  of  magnitude  (Halliwell  and 
Gutteridge,  1990) . 

There  are  two  intracellular  forms  of  superoxide 
dismutase  and  one  extracellular  form.   Both  copper  and  zinc 
are  located  in  the  active  site  of  the  extracellular  SOD  and 
the  cytosolic  Cu/ZnSOD,  while  manganese  is  in  the  active 
site  of  the  mitochondrial  SOD.   The  regulation  of 
extracellular  SOD  has  not  been  well  studied,  but  our  studies 
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as  well  as  others  have  demonstrated  that  cytosolic  Cu/ZnSOD 
is  abundantly  and  constitutively  expressed  in  eukaryotic 
aerobic  cells  (Visner  et  al,  1989;  Dougall  and  Nick,  1991). 
In  contrast,  expression  of  mitochondrial  MnSOD  is  highly 
regulated  by  mediators  of  inflammation  such  as  bacterial 
lipopolysaccharide  (LPS) ,  and  cytokines  including 
interleukin-1  (IL-1)  and  tumor  necrosis  factor-alpha  (TNF-a) 
(Visner  et  al.,  1989;  Shull  et  al.,  1991).   The  in  vivo 
importance  of  MnSOD  in  protecting  pulmonary  epithelium  from 
hyperoxic  injury  was  directly  demonstrated  by  Wispe  et  al. 
(1992)  who  produced  transgenic  mice  in  which  the  expression 
of  human  MnSOD  mRNA  was  directed  by  transcriptional  elements 
from  the  human  pulmonary  surfactant  protein  C  gene.   Human 
MnSoD  was  expressed  in  a  lung-specific  manner  in  the 
mitochondria  of  alveolar  type  II  cells  and  nonciliated 
bronchiolar  cells.   The  activity  of  MnSOD,  but  not  other 
antioxidant  enzymes,  was  increased  in  the  transgenic  mice 
compared  to  control  mice.   When  challeged  by  continuously 
breathing  95%  oxygen,  the  survival  of  the  transgenic  mice 
was  dramatically  improved  compared  to  nontransgenic 
littermates. 

Understanding  the  molecular  mechanisms  that  regulate 
MnSOD  gene  expression  has  been  a  goal  of  this  laboratory 
since  1987.   After  cloning  and  characterizing  the  rat  MnSOD 
cDNA  and  genomic  clones,  Drs.  Nick,  Visner,  Dougall  and  Hsu 
characterized  the  induction  of  MnSOD  mRNA  steady  state 
levels  in  many  cell  types  including  rat  pulmonary 


endothelial  and  epithelial  cell  lines  and  rat  hepatocytes. 
Using  nuclear  run  on  studies  Dr  Hsu  (1993)  confirmed  the 
induction  in  MnSOD  mRNA  levels  involves  increased 
transcription  of  the  gene.   Furthermore,  results  of  her 
DNase  I  hypersensitive  studies  on  MnSOD  chromatin  in  vivo 
identified  regions  of  the  gene  with  increased  nuclease 
accessibility.   These  regions  are  sites  of  potential 
regulatory  protein-DNA  interaction.   My  studies  have 
extended  these  observations  by  functionally  defining  regions 
that  regulate  MnSOD  gene  expression  by  means  of  their 
promoter  and  enhancer  transcriptional  activity. 

Inducible  Nitric  Oxide  Synthase 

A  family  of  isoenzymes,  known  as  nitric  oxide  synthases 
(NOS) ,  produce  the  free  radical  nitric  oxide  in  many 
mammalian  species  including  rodents  and  humans  (Moncada  and 
Higgs,  1991).   Two  major  classes  of  NOS  are  defined  based  on 
whether  their  expression  is  1) transcriptionally  regulated  by 
mediators  of  inflammation  and  cytokines  (inducible  NOS, 
iNOS)  or  2) they  are  constitutively  expressed,  and  post- 
translationally  activated  by  changes  in  intracellular 
calcium  levels  (constitutive  NOS,  cNOS) .   The  iNOS  isoform 
was  originally  cloned  from  a  murine  macrophage  cell  line 
(Lyons,  et  al.,  1992;  Xie,  et  al,  1992)  and  shown  to 
significantly  enhance  macrophage  function  of  killing 
intracellular  pathogens  and  tumor  cells  (Green  et  al.,  1991; 
Cunha  et  al.,  1993). 
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Because  excessive  quantities  of  Oj"  and  NO  are  toxic  to 
cells  and  because  many  of  the  same  mediators  of  inflammation 
and  pro-inflammatory  cytokines  induce  the  expression  of  both 
iNOS  and  MnSOD,  I  characterized  the  regulation  of  the  iNOS 
mRNA  levels  in  murine  macrophages. 

Furthermore,  it  has  been  reported  by  Beckman  (1990) 
that  the  simultaneous  production  of  superoxide  and  nitric 
oxide,  and  subsequent  formation  of  their  combined  product 
peroxynitrite,  at  sites  of  infection  and/or  inflammation 
might  have  deleterious  effects  on  cells.   If  so,  it  might  be 
physiologically  important  that  the  expression  of  iNOS  and 
MnSOD  be  co-regulated  and  evolutionarily  preserved  in  order 
to  prevent  the  simultaneous  accumulation  of  both  free 
radicals.   Winterbourn  (1993)  has  suggested  that  electrons 
from  many  different  free  radicals  are  transferred  to  oxygen, 
yielding  Oj",  and  the  subsequent  removal  of  Oj'  by  superoxide 
dismutases  is  an  important  cellular  mechanism  to  reduce 
oxidative  stress.   Conversely,  Oury  et  al.  (1992) 
demonstrated  an  increase  in  Oj  toxicity  in  mice 
overexpressing  extracellular  superoxide  dismutase.   Liochev 
and  Ftidovich  (1991)  also  reported  that  the  overproduction 
of  MnSOD  superoxide  dismutase  in  Escherichia   coli   blocks 
superoxide  induction  of  the  soxR   regulon  resulting  in  an 
increased  sensitivity  to  paraquat,  a  compound  that  generates 
superoxide  anions.   Thus,  we  were  interested  in  examining 
the  regulation  of  iNOS  mRNA  by  those  inflammatory  mediators 
known  to  increase  MnSOD  expression. 


CHAPTER  2 
MATERIALS  AND  METHODS 


Materials 
Chemicals 

Restriction  endonucleases,  T4  DNA  ligase,  calf 
intestinal  alkaline  phosphatase,  mung  bean  nuclease,  and 
Klenow,  the  large  fragment  of  E.coli  DNA  polymerase,  were 
purchased  from  New  England  Biolabs.   From  Sigma  Chemical  Co. 
we  obtained  cycloheximide,  actinomycin  D,  an  antibiotic/ 
antimycotic  system  (ABAM) ,  ampicillin,  DEAE  dextran,  trypsin 
[2.5%  (w/v) ] ,  glutamine,  diethyl  pyrocarbonate  (DEPC) , 
chloroquine,  Trizma®  base,  proteinase  K,  lipopolysaccharide 
from  E.  coli  serotype  055:35,  bovine  serum  albumin  (A-7511) , 
Dulbecco's  Modified  Eagle  Medium  (DMEM) ,  RPMI-1640  medium, 
DNase-free  RNase,  and  Histopaque®-1077.   Fetal  bovine  serum 
(FES)  came  from  Intergen,  and  sodium  pentobarbital,  for 
general  anesthesia  was  purchased  from  Butler  Labs. 
Deoxyadenosine  triphosphate  alpha-'^P,  [a-'^P]-dATP,  was 
purchased  from  ICN  Biochemicals.   For  gel  electrophoresis, 
we  obtained  Seachem®  HGT  agarose  from  FMC  Bioproducts. 
Ham's  Modified  (F12K)  tisssue  culture  medium  came  from 
Gibco/BRL  Life  Technologies  along  with  the  random  primers 
DNA  labeling  system.   We  purchased  cesium  chloride 


8 


9 

(Ultrapure  Bioreagent®)  from  VWR,  and  from  Qiagen  we 
purchased  columns  containing  anion  exchange  resin  for 
additional  purification  of  all  plasmid  DNA  used  in 
transfection  experiments.   Allegro®  human  growth  hormone 
transient  gene  expression  assay  systems  were  purchased 
Nichols  Institute  Diagnostics.   Charged  and  noncharged 
Zetabind®  nylon  membrane  was  obtained  from  CXJNO  Laboratory 
Products.   Autoradiography  film,  Hyperf ilm®-MP,  was 
purchased  from  Amersham. 

Cytokines  were  obtained  as  follows:  recombinant  murine 
interferon-7  (INF-7) ,  Genzyme;  recombinant  human  tumor 
necrosis-a  (TNF-a) ,  Genentech;  recombinant  human 
inter leukin-1/3  (IL-1/3)  ,  National  Cancer  Institute; 
recombinant  human  inter leukin-la  (IL-la,  Hoffman-La  Roche; 
recombinant  human  interleukin-10  (IL-10) ,  R&D  Systems;  and 
human  recombinant  transforming  growth  factor-/3  (TGF-/3)  ,  was 
a  gift  from  Dr.  Greg  Schultz  at  the  University  of  Florida. 

Animals.  Cell  Lines  and  Primary  Culture  Cells 

L2  cells,  a  rat  lung  epithelial  cell  line,  were 
purchased  from  American  Type  Tissue  Collection  (ATCC  CCL 
149) .   They  were  grown  in  F12K  medium  supplemented  with  10% 
fetal  bovine  serum,  ABAM,  and  4  mM  glutamine  at  37°C,  5%  COj. 
Only  cells  from  passages  15  to  29  were  used  in  these 
experiments.   The  RAW264.7  and  J774  murine  macrophage  cells 
were  also  purchased  from  ATCC.   They  were  grown  in  DMEM 
tissue  culture  medium  supplemented  with  10%  fetal  bovine 
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serum,  ABAM  and  4  mM  glutamine  at  37°C,  in  room  air  and  5% 

Non-elicited,  resident  rat  peritoneal  macrophages  were 
isolated  from  male  Harlan-Sprague-Dawley  rats  weighing 
between  150-200  grams,  purchased  through  the  University  of 
Florida  Division  of  Animal  Resources.   Macrophages  were 
isolated  by  repeated  peritoneal  lavage  with  10  ml  sterile 
PBS  immediately  after  the  rats  were  anesthetized  with  64.8 
mg  (1.0  ml)  intraperitoneal  sodium  pentobarbital.   The  cell 
suspension  was  placed  on  ice,  spun  at  600  g  for  10  min  and 
the  pellet  resuspended  in  supplemented  DMEM.   Cells  were 
plated  at  10*  cells  per  60mm  plastic  dish  and  macrophages 
allowed  to  adhere  for  3  hour  at  37°C,  5%  COj.   Plates  were 
then  washed  to  remove  nonadherent  cells  and  4  ml  fresh  DMEM 
added . 

Human  peripheral  blood  monocytes  were  isolated  from 
heparinized  samples  of  blood  drawn  from  a  peripheral  vein. 
Heparinized  blood  was  diluted  1:1  (v/v)  with  Hanks  buffered 
saline  solution  (HBSS) ,  layered  over  cold  f icoll-hypaque  and 
spun  at  800  g  for  20  minutes  at  4°C.   The  mononuclear  cell 
layer'was  collected,  diluted  with  an  equal  volume  of  HBSS 
and  centrifuged  at  400  g  for  10  minutes.   The  cell  pellet 
was  washed  3  times  with  HBSS  and  after  each  wash,  the  cells 
were  recollected  by  centrifugation  at  400  g.   Cells  were 
resuspended  at  a  concentration  of  5-8  x  10*  cells  per  ml  in 
RPMI  1640  medium  supplemented  with  10%  FBS.   To  enrich  for 
monocytes /macrophages  and  deplete  of  lymphocytes,  6  ml  of 


11 

the  cell  suspension  was  added  per  60  mm  tissue  culture 
plate,  and  incubated  for  1  hour  at  37°C,  5%  COj  to  allow  the 
monocytes/macrophages  to  adhere  to  the  plastic.   Plates  were 
washed  twice  with  HBSS  in  order  to  remove  non-adherent  cells 
and  replaced  with  4  ml  RPMI  supplemented  with  10%  FBS,  ABAM 
and  glutamine,  4  mM  final  concentration. 

Molecular  Probes 

The  1,5  kb  rat  manganese  superoxide  dismutase  (MnSOD) 
cDNA  clone  used  for  synthesizing  molecular  probes  was 
isolated  and  cloned  into  the  EcoR  I  site  of  pUC  19  by  Dr. 
Wm.  Dougall  working  in  Dr.  Nick's  laboratory  (Dougall  and 
Nick,  1991;  Hurt  et  al.,  1992).   The  rat  cathepsin  B  cDNA 
(0.6  kb  fragment  cloned  into  the  EcoR  I  site  of  a  pUC 
vector)  was  a  gift  from  Dr.  J.  S.  Chan,  University  of 
Chicago;  and  the  inducible  nitric  oxide  synthase  (iNOS)  cDNA 
probes  were  derived  from  a  1.89  kb  Nco  I  fragment  digested 
from  a  murine  cDNA  clone  that  was  a  gift  from  Dr.  James 
Cunningham,  Harvard  Medical  School.   The  vector  containing 
the  human  growth  hormone  cDNA  was  purchased  from  ATCC  and 
subcloned  into  pUC  19  for  amplification. 

Methods 

Cloning  the  5 '  Non-coding  Sequence  of  the  MnSOD  Genomic 
Clone  into  a  Promoterless  Human  Growth  Hormone  Expression 
Vector 

In  order  to  assist  the  reader,  two  numbering  systems 

will  be  used  to  designate  positions  in  the  MnSOD  genomic 

sequence.   In  the  first  system,  the  A  in  the  first  ATG 
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signal  is  +1,  and  all  bases  residing  5'  to  +1  have 
negatively  numbered  positions,  with  -1  denoting  the  first 
base  5'  to  +1.   The  second  numbering  system  is  based  on 
sequence  data  reported  in  the  EMBL,  GenBank,  and  DDBL 
Nucleotide  Sequence  Databases  under  the  accession  number 
X56600  RAT  SOD-2  GENE  (Ho  et  al.,1991).   This  second 
numbering  system  designates  the  Hind  III  site  located  2500 
bp  5 •  to  the  start  of  transcription  as  #1.   I  included  this 
system  in  an  attempt  to  facilitate  the  readers'  use  of 
database  sequence  and  database-generated  restriction  maps. 
For  example,  the  transcription  start  site  may  be  denoted 
either  as  -74  or  2499embl  (Hurt  et  al.,  1992). 

Initially,  the  entire  17  kb  MnSOD  genomic  clone  (Figure 
3.1)  containing  1)  5  exons  and  4  introns  (6.5  kb) ,  2)  5' 
non-coding  sequence  (4.5  kb)  and  3)  non-coding  sequence  3' 
to  the  last  exon  (6  kb) ,  was  removed  from  a  pUC  19  plasmid 
vector  by  digestion  with  EcoR  I  (Dougall,  1990) .   This 
linear  MnSOD  genomic  fragment  was  then  digested  with  the 
restriction  enzyme  Eag  I,  creating  two  fragments:  l)an 
Eco/Eag  fragment,  from  the  5'  EcoR  I  site  about  4 . 5  kb 
upstream  from  the  Eag  I  site  at  position  -42  (2531embl)  /  ^^^ 
2) a  12.5  kb  fragment  from  the  Eag  I  site  to  the  3*  EcoR  I 
site.   The  4.5  kb  Eco/Eag  fragment  was  isolated  by  gel 
electrophoreseis,  electroeluted  into  Tris-buf fered  saline 
(TBE) ,  concentrated  using  secondary  butanol,  and  cleaned  by 
separate  extractions  with  equal  volumes  of  1)  distilled, 
Tris-saturated  phenol,  2) a  50-50  mixture  of  phenol  and 
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chloroform/ isoamyl  alcohol  (24:1),  and  3)  the 
chloroform/ isoamyl  alcohol  mixture  alone.   Following 
precipitation  with  three  volumes  of  100%  ethanol  and  2 . 5  M 
ammonium  acetate,  the  Eco/Eag  fragment  was  resuspended  in 
Tris/EDTA  buffer  (TE) ,  pH  8,  10  mM/1  mM  respectively. 

The  5 •  overhang  ends  of  the  Eco-Eag  fragment  were  then 
filled-in  using  DNA  Polymerase  I  Large  Fragment.   Briefly, 
50  )Lig  of  ethanol  precipitated  Eco-Eag  fragment  was  dissolved 
in  one  ml  of  Ix  E.  coli  Polymerase! /Klenow  Buffer  [10 
mMTris-HCl  (pH  7.5),  5  mM  MgClj,  7 . 5  mM  dithiothreitol] 
supplemented  with  33  /iM  each  dNTP.   Fifty  units  of  Klenow 
were  added  and  the  reaction  incubated  for  15  min  at  room 
temperature.   The  reaction  was  stopped  by  adding  EDTA  to  a 
final  concentration  of  10  mM  and  heating  to  75''C  for  10 
minutes.   The  resulting  blunt-end  Eco-Eag  fragment  was 
cloned  into  the  Hinc  II  polylinker  site  in  the  promoterless 
human  growth  hormone  expression  vector,  p0GH,  from  Nichols 
Institute  (Selden  et  al.,  1986).   This  cloning  created  a  9.3 
kb  plasmid  hereafter  referred  to  as  pEco-Eag  GH  (Figure 
3.2).   It  contained  4.5  kb  of  the  5'  non-coding  region  of 
the  MrisOD  gene  with  possible  promoter  activity  in  front  of 
the  human  growth  hormone  gene  in  a  pUC  13  based  vector. 

Using  transient  transfection  studies  in  L2  rat  lung 
epithelial  cells,  this  construct  was  functionally  assessed 
for  basal  expression  of  the  reporter  gene  product,  hCH,  and 
for  increased  expression  of  hGH  following  treatment  with 
LPS,  IL-la,  or  TNF-a. 


;,^^r:. 
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Cloning  Deletions  of  the  5 '  Flanking  Secmence  of  MnSOD 
in  vd)   GH 

To  localize  the  cis-acting  regions  responsible  for 
promoter  activity  within  the  MnSOD  Eco-Eag  genomic  fragment, 
I  used  unique  restriction  enzyme  sites  to  delete  portions  of 
the  MnSOD  Eco-Eag  5 '  flanking  sequence  cloned  into  p0  GH 
(Figure  3.4).   Each  resulting  vector,  containing  less  of  the 
MnSOD  5'  sequence,  was  then  assessed  in  transient 
transfection  studies  for  its  ability  to  drive  basal  and 
stimulated  hGH  expression. 

Digestion  of  pEco-Eag  GH  with  the  restriction  enzyme, 
Hind  III,  deleted  a  2.1  kb  fragment — from  the  Hind  III  site 
in  the  p0GH  polylinker  (5'  to  the  MnSOD  sequences)  to  the 
second  Hind  III  site  at  position  -2573  (Iembl)^^^  "the  MnSOD 
Eco-Eag  fragment.   Following  religation  of  the  Hind  III  ends 
with  T4  DNA  ligase,  the  resulting  7.2  kb  plasmid,  called 
pHind-Eag  GH,  contained  2.5  kb  of  the  5'  flanking  sequence 
of  the  MnSOD  gene.   This  plasmid  was  amplified  in  a  large 
scale  plasmid  preparation,  purified  both  by 

ultracentrifugation  through  a  CsCl  density  gradient  and  by  a 
Qiagen  anion  exchange  column.   The  pHind-Eag  GH  vector  was 
then  assessed  for  promoter  activity  in  transient 
transfection  studies. 

All  subsequent  deletion  constructs  were  created 
directly  form  the  pHind-Eag  GH  vector.   The  pHind-Eag  GH 
vector  was  shortened  922  bp  by  digestion  with  Hind  III  and 
Sal  I  restriction  enzymes.   Both  5'  overhang  ends  were 
filled-in  as  described  above,  and  the  shortened  construct 
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ligated.   The  resulting  7.1  kb  plasmid,  called  pSal-Eag  GH, 
contained  about  1.6  kb  of  the  MnSOD  gene  5'  sequence  from 
the  Sal  I  restriction  enzyme  site  at  -1651  (922embl)  •  This 
vector  was  assessed  in  transient  transfection  experiments 
for  its  ability  to  promote  basal  expression  and  to  increase 
expression  in  response  to  LPS,  TNF-a  ,  and  IL-la  treatment. 

Similarly,  pHind-Eag  GH  was  shortened  by  2208  bp, 
following  digestion  with  Hind  III  and  Sfi  I.  The  Sfi  I 
restriction  site  is  located  at  position  -365  (2208embl)  • 
Since  Sfi  I  digestion  leaves  a  3'  overhang,  and  since  the 
Klenow  fragment  can  only  fill-in  5'  overhangs,  the  ends  of 
the  vector  could  not  be  blunted  by  this  DNA  polymerase. 
Therefore,  the  linear  pSfi-Eag  GH  vector  was  treated  with 
mung  bean  nuclease,  an  enzyme  that  removes  single-stranded 
extensions  (3'  and  5')  to  create  blunt  ends.   Briefly,  5  /xg 
of  linearized  plasmid  DNA  was  mixed  with  1  unit  of  mung  bean 
nuclease  in  11  jul  of  NEB  Buffer  #2.   Following  incubation  at 
30°C  for  3  0  min,  the  reaction  was  stopped  by  extractions 
with  phenol/chloroform/ isoamyl  alcohol,  and  the  DNA 
precipitated  with  glycogen  and  ethanol.   To  assure  that  any 
possible  remaining  single-stranded  5'  extensions  were 
eliminated,  the  plasmid  was  filled-in  with  a  Klenow  reaction 
as  described  above  before  being  ligated  to  create  a  5.8  kb 
pSfi-Eag  GH  vector  containing  1024  bp  of  MnSOD  5'  sequence. 

Similarly,  digestion  of  pHind-Eag  GH  with  the  enzymes 
Hind  III  and  Sac  2  created  a  linear  Sac  2-Eag  GH  vector  with 
one  5 'overhang  from  Hind  III  and  one  3'  overhang  from  Sac 


.'  K.^ 


16 

II.   The  Sac  II  restriction  site  is  located  at  position  -227 
(224  6embl)  •   This  linearized  vector  was  also  treated  with 
mung  bean  nuclease  followed  by  Klenow  in  order  to  create 
blunt  ends  for  ligation.   The  resulting  4.857  kb  pSac  II-Eag 
I  vector  contained  188  bp  of  MnSOD  sequence.   Finally, 
pHind-Eag  GH  was  digested  with  Hind  III  and  the  blunt-end 
cutting  Nae  I  restriction  enzyme  at  position  -119  (2454embl)  • 
The  Hind  III  half-site  was  filled-in  with  a  Klenow  reaction, 
and  the  shortened  vector  ligated  to  create  pNae-Eag  GH. 
This  4.748  kb  circular  vector  contained  just  79  bp  of  the 
MnSOD  5'  flanking  sequence  upstream  from  the  hGH  gene. 

Cloning  of  the  MnSOD  Hind  III  Fracpment  from  Positions  +1107 
(3  679E^^BL^"t^o  +7238  f981lE^^BL)  into  pHind-Eaq  GH 

The  6.1  kb  Hind  III  MnSOD  genomic  fragment,  from 

position  +1107  to  +7238,  contains  5  of  the  6  remaining  DNase 

I  hypersensitive  sites  (#3  through  7)  identified  by  Dr.  Hsu 

(1993) .   To  test  this  fragment  for  possible  interaction  with 

elements  in  the  5*  sequence  resulting  in  enhancer  activity, 

the  Hind  III  fragment  was  digested  with  Hind  III  from  a  pUC 

vector  into  which  it  had  been  subcloned.   The  6.1  kb  Hind 

III  fragment  was  isolated  from  a  1%  agarose  gel  and  cloned 

in  both  orientations  into  the  Hind  III  polylinker  site  of 

pHind-Eag  GH  (Figure  4.1).   This  site  is  located  5'  to  the 

Hind-Eag  MnSOD  insert.   Expression  of  hGH  from  the  resulting 

13.45  kb  vectors  was  compared  to  expression  from  pHind-Eag 

GH  to  determine  whether  the  Hind  III  insert  contained 

sequences  with  promoter,  enhancer  or  repressor  activity. 
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The  13.45  kb  construct  with  the  Hind  III  insert  cloned  in 
the  5'  to  3'  orientation  was  named  pJM17  GH,  while  the 
construct  with  the  Hind  III  insert  in  the  opposite 
orientation  was  named  pJM13  GH. 

Cloning  Deletions  of  pJM17  GH  and  pJM13  GH 

In  order  to  begin  to  localize  the  region (s)  within  the 
Hind  III  insert  responsible  for  the  observed  enhancer 
activity,  I  utilized  a  unique  Hpa  I  restriction  endocuclease 
site,  located  at  position  +4938  (7511embl)  .   Hpa  I  digestion 
thus  linearized  pJM17  GH  and  pJM13  GH  near  the  middle  of  the 
6.1  kb  Hind  III  insert  (Figure  4.4).   Subsequent  partial 
digest  of  these  linear  plasmids  with  Hind  III  resulted  in  4 
new,  shortened  vectors:  1)  an  11.1  kb  construct  derived  from 
pJM17  GH  containing  sequence  from  the  Hind  III  site  at 
position  +1106  (3679embl)  "to  the  Hpa  I  site  at  +4938 
(7511embl)  (pSC17/ll  GH)  ;   2)  a  9.6  kb  construct  derived  from 
pJM17  GH  containing  sequence  from  the  Hpa  I  site  to  the  Hind 
III  site  at  +7238  (9811embl)  (pSC17/9  GH)  ;   3)  a  9.6  kb 
construct  derived  from  pJM  13  GH  containing  sequence  from 
the  Hind  III  site  at  +7238  (9811embl)  to  the  Hpa  I  site  at 
+4938  (7511embl)  (PSC13/9)  ;  and  4)  an  II. I  kb  construct 
derived  from  pJM13  GH  containing  sequence  from  Hpa  I  site  to 
the  Hind  III  site  at  position  +1106  (3679embl)  (pSC13/ll  GH)  . 
Two  of  these,  pSC17/ll  GH  and  pSC17/9  GH)  were  assessed  for 
promoter  or  enhancer  activity  compared  to  pHind-Eag  GH  and 
pJM  17  GH  in  transient  transfection  experiments. 
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Transient  Transfection  Studies 

The  experimental  protocol  for  the  transient 
transfection  experiments  is  summarized  in  Figure  2.1.   To 
introduce  hGH  expression  vectors  into  L2  cell  monolayers,  I 
used  the  DEAE  dextran  mediated  transfection  method  described 
by  Kriegler  (1990) .   L2  cells  at  a  passage  between  15  and 
29,  were  grown  to  about  75%  confluence  in  4  to  6  tissue 
culture  flasks  (75cm^)  .   The  monolayers  were  removed  with 
0.25%  (w/v)  trypsin  and  combined  in  a  suspension  at  6  x  10^ 
cells/ml.   Cells  were  divided  into  48  to  60  tissue  culture 
plates  (60mm^)  at  6  x  10*  cells  per  plate.   When  the  cells 
had  grown  to  40-70%  confluence,  the  medium  was  aspirated  and 
the  cell  monolayers  washed  with  4  ml  phosphate  buffered 
saline  (PBS)  followed  by  4  ml  of  tris-buf fered  saline  (TBS) . 
To  each  60  mm^  tissue  culture  plate  was  applied  180  /il  of  a 
solution  containing  5  /ig  (5  ^1)    plasmid  DNA,  31  /xl  TE  pH  8.0 
(100  mM  Tris  base  and  1  mM  EDTA)  ,  72  jul  TBS,  and  lastly,  72 
/il  of  a  0.1%  (w/v)  solution  of  DEAE  dextran  in  TBS  (final 
DEAE  dextran  concentration  of  0.04%).   Plates  were  incubated 
at  room  temperature  inside  a  laminar  flow  hood  for  one  hour 
and  rocked  every  5  minutes  to  assure  that  cells  would  not 
dehydrate.   The  DNA-containing  DEAE  dextran  solution  was 
then  aspirated  and  the  cells  were  washed  with  4  ml  TBS 
followed  by  4  ml  PBS.   The  PBS  was  replaced  with  4  ml  of 
F12K  medium  containing  10  /xM  chloroquine  in  addition  to  10% 
fetal  bovine  serum,  ABAM  and  4  mM  glutamine  and  plates 
incubated  4  hours  at  37°C  in  room  air  containing  5%  COj. 
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This  medium  was  removed  and  replaced  with  identical  medium 
but  without  chloroquine  (time  zero) .   Twenty-four  hours 
later  the  inflammatory  mediators  LPS,  TNF-a,  or  IL-la,  were 
added  to  triplicate  or  quadruplicate  plates  at  final 
concentrations  of  2.5  /xg/inl/  25  ng/ml  and  5  ng/ml 
respectively.   Unless  otherwise  specified,  48  hours  later 
(72  hours  after  removing  the  chloroquin-containing  medium) 
one  ml  of  medium  was  removed  from  each  plate  and  frozen  at  - 
70°C  until  assayed  for  hGH. 

Statistical  Analysis  of  Transient  Transfection  Data 

To  determine  whether  treatments  with  inflammatory 
mediators  increased  expression  of  the  hGH  reporter  gene,  the 
mean  concentration  of  hGH  from  plates  transfected  with  each 
vector  and  treated  with  LPS,  TNF-a  or  IL-la  was  compared  to 
the  mean  concentration  of  hGH  from  untreated  plates 
transfected  with  the  same  vector  using  Student's  unpaired, 
two-tailed  t  test.   A  p  value  of  <0.05  was  considered 
significant.   In  addition,  a  two-way  analysis  of  variance 
was  performed  to  test  for  differences  in  basal  and 
stimulated  hGH  expression  between  vectors. 

Radioimmunoassay  Measurement  of  hGH  Concentration 

The  hGH  radioimmunoassay  kit  from  Nichols  was  used  for 
measurement  of  hGH  concentration.   Samples  of  medium  and  all 
reagents  were  warmed  to  room  temperature.   Into  duplicate 
tubes,  100  ^l   of  either  a  hGH  standard  (0,  0.45,  1.4, and  5.0 
ng/ml)  or  thawed  medium  from  a  plate  of  transfectd  cells  was 
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aliquoted.   To  this,  100  /il  of  an  antibody  mixture  was  added 
containing  2  mouse  monoclonal  anti-hGH  antibodies.   The 
antibodies,  binding  to  different  epitopes  on  hGH,  contained 
covalently  bound  '"l  or  biotin.   After  mixing,  one  avidin- 
coated  polystyrene  bead  was  added  to  each  tube  and  incubated 
for  90  minutes  at  room  temperature  on  a  horizontal  rotator 
at  170  rpm.   Beads  were  then  washed  twice  with  2  ml  of  wash 
solution  and  counted  in  a  gamma  counter  for  one  minute. 
Counts  from  duplicate  samples  were  averaged,  the  average 
counts  from  the  zero  standard  subtracted,  and  the 
concentration  of  hGH  in  the  experimental  samples  was 
calculated  from  the  standard  curve.   The  standard  curve  for 
this  assay  is  linear  for  hGH  concentrations  between  zero  and 
15  ng/ml.   According  to  the  manufacturer,  variations  in 
protein  concentration  of  ±25%  have  no  detectable  effect  on 
the  value  of  hGH  obtained.   The  sensitivity  of  this  assay  is 
defined  as  the  smallest  single  value  that  can  be 
distinguished  from  zero  at  the  95%  confidence  limit. 
According  to  the  manufacturer,  the  Nichols  hGH  Kit  has  a 

calculated  sensitivity  of  0.06  ng/ml.   The  precision  (intra- 

it    , 
assay  variance)  of  this  assay  was  reported  from  replicate 

determinations  on  each  of  three  quality  control  sera  in  a 

single  assay  (n=20) .   The  coefficient  of  variation  was  3.2 — 

4.3%  for  hGH  concentrations  from  3.6  to  19.5  ng/ml.   The 

reproducibility  (inter-assay  variance)  was  reported  by 

Nichols  from  data  obtained  for  three  quality  control  sera 

assayed  during  a  one  month  period  (n=24) .   The  coefficient 
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of  variation  ranged  from  6.9  to  7.6%  for  hGH  concentrations 
from  3.8  to  18.0  ng/ml. 

RNA  Isolation  and  Northern  Analysis 

Total  RNA  was  isolated  from  cell  monolayers  by  the  acid 
guanidine  thiocyanate-phenol-chloroform  extraction  method 
described  by  Chomczynski  and  Sacchi  (1987)  and  as  modified 
by  Visner  (1989).   Briefly,  to  isolate  total  RNA  from  cells 
in  tissuse  culture,  the  medium  was  removed  and  cells  lysed 
with,  3  to  4  ml  of  GTC  solution  [4  M  guanidinium 
isothiocyanate,  25  mM  sodium  citrate,  pH  7.0,  0.5%  (w/v) 
sarcosyl,  and  0.1  M  2-mercaptoethanol] .   The  cell  lysate  was 
scraped  into  a  tube  and  extracted  with  0.1  volume  of  2  M 
sodium  acetate,  pH  4,  an  equal  volume  of  water-saturated 
distilled  phenol  and  0.2  volume  of  chloroform: isoamyl 
alcohol  (49:1)  (v/v) .   The  final  mixture  was  shaken 
vigorously  for  15  to  30  sec,  incubated  on  ice  for  15 
minutes,  then  centrifuged  at  10,000  g  for  25  minutes  at  4°C. 
The  top  aqueous  phase  was  then  transferred  to  a  fresh  tube 
and  an  equal  volume  of  isopropanol  added  to  precipitate  the 
RNA.   Following  incubation  at  -20°C  for  >  one  hour,  the 
tubes  were  centrifuged  at  10,000  g  for  30  minutes  at  4°C. 
The  RNA  pellets  were  dissolved  in  0.5  ml  GTC  solution  and 
transferred  to  individual  eppendorf  tubes  that  had  been 
treated  with  DEPC.   The  RNA  was  again  precipitated  with  an 
equal  volume  of  isopropanol,  cooled  at  20°C  for  at  least  one 
hour  and  pelleted  at  14,000  g  for  20  minutes  at  4°C.   After 
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removing  the  supernatant,  the  RNA  was  washed  with  cold  100% 
ethanol,  allowed  to  dry,  and  dissolved  in  100  to  200  jul  of 
DEPC  treated  water.   The  RNA  was  precipitated  once  or  twice 
by  the  addition  of  0.1  volume  of  DEPC-treated  3  M  sodium 
acetate,  pH  5.2,  and  2.2  volumes  of  cold  100%  ethanol. 
Depending  upon  its  size,  the  pellet  was  dissolved  in  100  /xl 
to  300  /il  of  DEPC  treated  water,  and  the  concentration  of 
RNA  estimated  by  absorbance  at  260  nm  (a  reading  of  1  equals 
a  RNA  concentration  of  40  /ig/ml)  . 

Depending  upon  the  cell  type  in  the  experiment,  ten  to 
twenty  micrograms  of  total  RNA  was  lyophilized  and 
resuspsended  in  25  /il  of  loading  buffer  containing  50%  (v/v) 
formamide,  6.5%  (v/v)  formaldehyde,  40  mM 

morpholinopropanesulfonic  acid  (MOPS),  pH  7.0,  10  mM  sodium 
acetate,  pH  7.0,  1  mM  EDTA,  pH  8.0,  and  3.0  iJ-g/ml   of 
ethidium  bromide.   The  RNA  was  size-fractionated  by 
electrophoresis  on  a  1%  (w/v)  agarose,  6%  (v/v) 
formaldehyde,  40  mM  MOPS  buffer  gel. 

To  confirm  that  equal  amounts  of  RNA  had  in  fact  been 
loaded  into  each  lane,  after  electrophoresis,  each  gel  was 
photographed  under  UV  light  and  the  level  of  ribosomal  RNA 
assessed  by  ethidium  bromide  staining.   If  by  ethidium 
staining,  ribosomal  RNA  was  not  even  from  lane  to  lane,  the 
gel  was  not  processed  further. 

Equally  loaded  gels  were  washed  twice  in  double 
distilled  water  then  soaked  in  50  mM  NaOH  for  45  minutes. 
Following  neutralization  in  1.0  M  Tris-HCl,  pH  7.5  for  45 
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minutes,  and  equilibration  for  45  minutes  in  0.1  M  Tris-HCl, 
pH  7.5,  the  RNA  was  electrotransf erred  to  a  charged  nylon 
membrane  (Zetabind,  CUNO) ,  and  covalently  crosslinked  to  the 
membrane  with  ultraviolet  light  (28) . 

Preparation  of  Radiolabelled  cDNA  Probes  and  Hybridization 

The  radiolabelled  cDNA  probes  used  in  northern  analyses 
were  prepared  by  random  primer  extension.   Briefly,  500  ng 
of  the  appropriate  double-stranded  cDNA  fragment  was 
denatured  by  boiling  for  5  minutes  and  then  placed  on  ice. 
From  the  Gibco/BRL  Random  Primers  DNA  Labeling  System,  I 
added  15  /Lil  of  the  random  oligodeoxyribonucleotide 
primers/buffer  mixture  containing  0.67  M  HEPES,  0.17  M  Tris- 
HCl,  17  mM  MgClj,  33  mM  2-mercaptoethanol,  1.33  mg/ml  BSA, 
18  ODjgo  units/ml  oligodeoxyribonucleotide  primers 
(hexamers)  ,  pH  6.8.  I  also  added  2  /ul  of  each  of  the 
deoxynucleotide  solutions  containing:  dCTP,  dGTP,  and  dTTP 
at  0.5  mM.   After  adding  100  /iCi  (10  nl)    of  ["P]-dATP  (3000 
Ci/mmol)  and  6  units  of  DNA  Polymerase  Large  Fragment,  the 
mixture  was  incubated  at  room  temperature  for  3  to  6  hours. 
The  resulting  radiolabeled  cDNAs  were  separated  from 
unincorportated  nucleotides  on  a  sephadex  G-50  column,  and 
denatured  by  boiling  for  5  minutes  before  being  added  to  a 
tube  containing  10  ml  of  hybridization  solution  and  the 
nylon  membrane (s)  holding  UV  cross-linked  RNA.   The 
hybridization  solution  bathed  the  membrane (s)  at  60°C  for  at 
least  15  minutes  before  adding  the  denatured,  radiolabeled 
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cDNA  probe.   Hybridizations  were  done  under  high  stringency 
conditions:  60°C,  and  low  salt  concentration  [0.76  M  NaHP04, 
ph  7.4,  7%  (w/v)  sodium  dodecyl  sulfate  (SDS) ,  1  mM  EDTA, 
and  1%  (w/v)  BSA  (crystalline  grade,  Sigma  A-7511) ] .   The 
stock  NaHP04  buffer  was  composed  of  134  grams  of  Na2HP047H20 
and  4  ml  of  85%  H3PO4  per  liter.   After  hybridization, 
membranes  were  washed  4  times  (10  min  per  wash  and  one  liter 
per  wash)  under  high  stringency  conditions  with  1  mM  EDTA, 
40  mM  NaHP04,  pH  7.4,  and  1%  (w/v)  SDS  at  65°C.   The 
membranes  with  radiolabeled  cDNA  probe  bound  to 
complementary  RNA  (northern)  sequences  were  then  exposed  to 
autoradiography  film. 

Quantitation  of  RNA  by  Densitometry 

Where  indicated,  densitometry  was  performed  on  a  Bio 
Image  Visage  60  video  densitometry  system.   Any  variation  in 
RNA  loading  was  controlled  for  by  comparison  of  the 
autoradiographic  signal  intensity  of  a  mRNA  whose  level  did 
not  change  as  a  result  of  experimental  conditions.   Thus, 
each  membrane  was  probed  with  at  least  two  different 
radiQ;Labeled  cDNAs,  one  that  bound  to  the  mRNA  under  study 
(iNOS,  MnSOD  or  hGH) ,  and  an  internal  control  that  bound  to 
a  mRNA  whose  level  reflected  loading  differences  and  not 
treatment  effects  (cathepsin  B) . 


CHAPTER  3 
LOCALIZATION  OF  PROMOTER  ACTIVITY  WITHIN  THE  5'  FLANKING 
SEQUENCE  OF  THE  RAT  MANGANESE  SUPEROXIDE  DISMUTASE  GENE 


Introduction 

Expression  of  the  rat  MnSOD  gene  is  regulated  by  pro- 
inflammatory mediators  including  LPS,  TNF-q;,  and  IL-la 
(Visner  et  al.,  1989).   Treatment  of  animals  or  cells  in 
tissue  culture  with  these  mediators  results  in  increased 
levels  of  MnSOD  mRNA  and  protein  (Visner  et  al.,  1992).   The 
increased  MnSOD  levels  subsequently  protect  the  animals  or 
cells  from  oxygen  radical-induced  injury  (Wispe  et  al., 
1992). 

MnSOD  mRNA  increases  10-  to  50-fold  following  8  hours 
stimulation  with  LPS,  TNFa,  or  IL-la,  and  these  increases 
are  blocked  by  co-treatment  with  actinomycin  D,  a  drug  that 
inhibits  transcription  (Visner  et  al.,  1989).   In  addition, 
nuclear  run-off  studies,  reflecting  the  number  of  mRNA 
transcripts  actively  being  synthesized  at  the  time  of 
nuclear  isolation,  show  a  3-  to  10-fold  increase  in  new 
MnSOD  transcripts  following  treatment  with  LPS,  TNF-a,  or 
IL-la  (Hsu,  1993) .   These  results  indicate  that  at  least 
part  of  the  increase  in  MnSOD  mRNA  observed  following 
stimulation  with  these  mediators  is  due  to  increased 
transcription  from  the  MnSOD  gene. 
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Gene  transcription  involves,  among  other  things, 
interaction  of  nuclear  proteins  with  specific  cis-acting  DNA 
sequences  (Dynan  and  Tijan,  1985) .   In  eukaryotes,  RNA 
polymerase  II  and  associated  transcriptional  activating 
protein  factors  are  required  for  the  production  of  new 
transcripts  which  are  subsequently  processed  into  mature 
mRNA.   RNA  polymerase  binds  to  genomic  sequences  located  5' 
to  a  gene's  coding  sequence  and  synthesizes  transcripts  in  a 
5'  to  3*  direction  along  the  gene  template.   Agents  such  as 
LPS,  TNF-a,  and  IL-la,  that  increase  the  production  of  new 
transcripts  from  selected  genes,  do  so  by  altering 
interactions  between  nuclear  proteins  and  either  specific 
cis-acting  DNA  sequences  or  DNA-bound  proteins  resulting  in 
increased  mRNA  production  by  RNA  polymerase  II  (Ptashne, 
1986)  . 

One  experimental  approach  to  identifying  these 
regulatory  DNA-protein  or  protein-protein  stimulus-specific 
interactions  is  DNAse  I  hypersensitivity  analysis  of 
chromatin.   The  local  alterations  induced  by  proteins 
binding  to  DNA  result  in  increased  local  access  of  DNAse  I 
to  that  chromatin  site  (Gross  and  Garrard,  1988) .   This 
increased  access  is  measured  as  a  stimulus-specific 
increased  sensitivity  of  the  local  chromatin  to  cleavage  by 
DNAse  I  treatment.   These  areas  of  increased  chromatin 
sensitivity  are  identified  by  autoradiography  and  are  termed 
DNAse  hypersensitive  sites. 


Using  L2  cells,  Hsu  (1993)  identified  a  total  of  7 
DNAse  I  hypersensitive  sites  in  the  rat  MnSOD  gene  located 
from  about  0.7  kb  5'  to  the  transcription  initiation  site  to 
the  end  of  the  gene  (Figure  3.1).   The  same  7  sites  were 
observed  in  both  control  cells  and  cells  treated  with  LPS, 
TNF-a  or  IL-la,  but  hypersensitive  site  1  in  the  chromatin 
from  treated  cells  showed  an  altered  intensity.   High 
resolution  analysis  of  hypersensitive  site  1  revealed  4 
protein  binding  sites  in  control  cells  compared  to  5  sites 
in  cells  treated  with  LPS,  TNF-a,  or  IL-la.   No  additional 
hypersensitive  sites  were  identified  within  8  kb  of  the  5' 
region  nor  within  17  kb  of  the  3'  region  of  MnSOD. 
Together,  these  data  suggest  that  multiple  areas  of  protein- 
DNA  interaction  exist  throughout  the  MnSOD  gene  under  basal 
and  stimulated  conditions  and  that  treatment  with 
inflammatory  mediators  known  to  increase  MnSOD 
transcription,  also  creates  a  new  DNase  I  hypersensitive 
site  in  the  5'  flanking  sequence. 

In  order  to  determine  whether  hypersensitive  site  #1  in 
the  5'  flanking  sequence  of  the  MnSOD  gene  contained 
promoter  or  enhancer  activity,  I  cloned  the  5'  flanking 
sequence  from  the  MnSOD  genomic  clone  into  a  promoterless 
human  growth  hormone  expression  vector  (Figure  3.2),  and 
compared  the  expression  of  hGH  from  control  and  treated 
cells  in  transient  transfection  studies. 
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Results 

The  5'  flanking  sequence  of  the  MnSOD  genomic  clone 
from  the  EcoR  I  to  the  Eag  I  restriction  sites  (4.5  kb)  was 
cloned  into  the  Hinc  II  site  of  the  promoterless  hGH 
expression  vector,  p0GH  (Nichols) ,  creating  the  vector  pEco- 
Eag  GH  (Figure  3.2).   Using  DEAE  dextran,  5  /xg  of  this 
vector  was  transfected  into  64  plates  of  L2  cells  in  4 
independent  experiments  (Figure  2.1).   The  concentration  of 
hGH  in  the  4  ml  of  medium  covering  each  plate  was  measured 
in  samples  obtained  72  hours  later.   Figure  3.3  illustrates 
the  basal  expression  of  hGH  from  the  sixteen  untreated 
plates  transfected  with  this  vector  was  0.83  ±  0.08  ng/ml 
(mean  ±  S.E.).   Continuous  treatment  with  LPS  or  TNF-a,  from 
24  through  72  hours  after  transfection,  significantly 
increased  this  expression  to  1.87  ±  0.18  ng/ml  and  1.65  ± 
0.14  ng/ml  respectively  (p  =  0.0001),  indicating  that  the 
MnSOD  Eco-Eag  fragment  contains  cis-acting  sequence  elements 
sufficient  for  LPS  and  TNF-a  responsiveness.   On  the  other 
hand,  expression  of  hGH  from  the  16  plates  transfected  with 
pEco-Eag  GH  and  similarly  treated  with  IL-la  only  reached 
1.06  ±  0.09  ng/ml,  and  was  not  significantly  different  from 
untreated  controls  (p  =  0.08). 

I  next  evaluated  whether  the  observed  inductions  in  hGH 
expression  were  specific  to  the  MnSOD  5'  flanking  sequence, 
and  not  due  to  non-specific  effects  of  LPS,  TNF-a,  or  IL-la 
on  transfected  L2  cells  secreting  hGH.   I  compared  the 
effects  of  these  treatments  on  cells  transfected  with  pEco- 
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37 
Eag  GH  to  cells  transfected  with  pTK  GH,  a  vector  that 
contains  a  minimal  thymidine  kinase  promoter  for  low  level, 
constitutive  expression.   None  of  the  treatments  had  any 
significant  effect  on  hGH  expression  from  pTK  GH,  while  LPS 
and  TNF-a  significantly  increased  expression  from  pEco-Eag 
GH. 

In  order  to  assure  that  the  hGH  in  the  medium  reflected 
the  majority  of  the  total  hGH  produced  by  the  transfected 
cells,  we  measured  hGH  in  the  cellular  monolayer.   These 
data  showed  that  only  2-3%  of  total  hGH  expressed  was 
retained  in  the  cells  and  >97%  was  secreted  into  the  medium. 

To  more  closely  define  those  region (s)  within  the  Eco- 
Eag  fragment  of  the  MnSOD  gene  that  are  necessary  for  basal 
and  stimulated  hGH  expression,  I  used  unique  restriction 
endonuclease  sites  to  successively  delete  portions  of  the 
MnSOD  sequence  ,  and  tested  each  resulting  shortened  pGH 
construct  in  transient  transfection  studies.   The  5  vectors 
are  illustrated  in  Figure  3.4,  and  the  results  of  the 
transfection  experiments  are  summarized  in  Figure  3.5. 

Basal  expression  between  vectors  was  not  significantly 
different  until  the  MnSOD  promoter  fragment  was  shortened 
from  188  bp  (Sac  II-Eag)  to  79  bp  by  digestion  with  Nae  I. 
Mean  basal  expression  of  hGH  from  the  18  untreated  plates 
transfected  with  pNae-Eag  GH  was  only  0.05  ±  0.01  ng/ml  - 
below  the  level  of  detection  by  this  assay.   The  Nae  I 
restriction  site  at  position  -120  (2454embl)  is  located  only 
46  bp  5'  to  the  MnSOD  transcriptional  start  site  at  position 


38 
-74.   These  results  indicate  that  at  least  some  portion  of 
the  MnSOD  5'  flanking  sequence  between  positions  -157  and  - 
48  is  required  for  basal  expression  of  the  rat  MnSOD  gene. 

Similarly,  LPS  and  TNF-a  stimulated  hGH  expression  was 
not  different  between  vectors  until  the  responsiveness  to 
these  mediators  of  inflammation  was  eliminated  by  shortening 
the  MnSOD  sequence  using  Nae  I  digestion.   Treatment  of 
transfected  cells  with  either  LPS  or  TNF-a  significantly 
increased  expression  of  hGH  between  2  and  3  fold  until  the 
MnSOD  5'  sequence  was  shortened  by  Nae  I  digestion. 
Expression  of  hGH  from  the  54  plates  of  cells  transfected 
with  pNae-Eag  GH  and  treated  with  LPS,  TNE-a  or  IL-a 
remained  near  undetectable  levels  at  0.07  ±  0.01  ng/ml  (mean 
±  S.E.)  and  was  not  significantly  different  from  untreated 
plates  (p  >  0.1).   Therefore,  LPS  and  TNF-a  stimulated 
expression  requires  at  least  some  portion  of  the  85  bp  of 
MnSOD  sequence  between  the  Sac  II  restriction  site  and  the 
Eag  I  site.   This  sequence  contains  the  DNase  I 
hypersensitive  subsites  #6  and  7  located  within  the  strong 
hypersensitive  site  #1  identified  by  Dr.  Hsu  (1993)  . 

IL-la  treatment  of  cells  transfected  with  vectors  pEco- 
Eag  GH,  pHind-Eag  GH,  pSfi-Eag  GH,  pSac-Eag  GH  or  pNae-Eag 
GH  caused  no  significant  increase  in  hGH  expression. 
Unexpectedly,  IL-la  treatment  of  cells  transfected  with 
pSal-Eag  GH  (n  =  21  plates,  9  experiments) ,  significantly 
increased  hGH  expression  from  1.8  ±.17  ng/ml  to  2.8  ±  0.39 
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43 
ng/ml  (p  =  0.01)  compared  to  untreated  controls.   Since  no 
significant  IL-la  responses  were  observed  in  any  of  the 
other  5  constructs,  it  seems  likely  that  this  apparent 
increase  is  due  primarily  to  a  large  increase  in  hGH 
expression  measured  in  only  one  of  the  nine  independent 
pSal-Eag  GH  experiments.   Based  on  these  data,  I  conclude 
that  the  MnSOD  5 •  flanking  sequence  is  not  sufficient  to 
provide  the  IL-la  induction  observed  when  the  endogenous 
MnSOD  gene  is  stimulated  with  IL-la. 

Discussion 

Transcription  of  the  MnSOD  gene  is  induced  by  the 
inflammatory  mediators,  LPS,  TNF-a,  and  IL-la.   Chromatin 
studies  have  demonstrated  a  strong  DNase  I  hypersensitive 
site  in  the  5'  flanking  sequence  of  MnSOD  that  changes  in 
intensity  in  cells  treated  with  LPS,  TNF-a,  or  IL-la.  Using 
transient  transfection  studies,  I  have  tested  a  4.5  kb 
fragment  of  the  5'  flanking  sequence  of  the  MnSOD  gene  for 
promoter  activity.   Results  indicated  that  not  only  is  this 
fragment  capable  of  promoting  basal  expression,  but  it  also 
permits  LPS  and  TNF-a  inducible  expression.   It  did  not, 
however,  effect  a  significant  increase  in  reporter  gene 
expression  in  response  to  IL-la  treatment.   Furthermore, 
the  levels  of  induction  in  response  to  LPS  and  TNF-a 
treatment  were  modest,  only  2  to  3  fold,  compared  to 
inductions  of  endogenous  steady  state  MnSOD  mRNA  levels  of 
10  fold  or  greater. 


44 
The  MnSOD  promoter  is  G-C  rich  and  does  not  contain 
TATA  or  CAAT  sequences  (Figure  3.6).   The  sequences  that  are 
important  in  transcriptional  regulation  in  GC  rich  promoters 
are  not  as  well  understood  as  those  containing  a  TATA  motif. 
The  MnSOD  5 '  promoter  contains  one  AP-1  protein-binding 
consensus  sequence  (GTGAGTCA)  beginning  at  -502  (2071embl) 
and  two  hexanucleotide  Spl  protein-binding  consensus  -^■ 

sequences  (GGGCGG)  at  -305  (2268embl)  ^^^    "81  (2492embl)  • 
These  sequences  are  important  in  regulating  basal 
transcription  of  many  genes  including  the  mouse 
dihydrofolate  reductase  promoter  (Dynan  et  al.  1986). 

Deletion  analysis  of  the  4.5  kb  5'  flanking  sequence 
indicated  that  the  level  of  basal  promoter  activity  did  not 
change  significantly  until  the  MnSOD  sequence  was  shortened 
from  position  -228  (2346embl)  "^^  -120  (2454embl)  •   At  that 
point,  reporter  gene  expression  was  completely  eliminated. 
However,  although  these  data  demonstrate  that  the  Sac  II-Nae 
I  fragment  is  essential  for  basal  transcription,  no 
consensus  sequences  are  located  within  that  portion  of  MnSOD 
5'  flanking  sequence.   In  addition,  induction  of  genes  by 
LPS  or  TNF-a  is  often  (Muller  et  al.,  1993;  Lowenthal  et 
al.,  1989),  but  not  always  (Zhang  and  Rom,  1993;  Patestos, 
et  al.,  1993)  mediated  through  the  binding  of  nuclear 
transcription  factor  NF-kB  to  its  consensus  binding  sequence 
(GGAAAAGTCCCC)  .   Two  NF-/cB  decanucleotide  consensus  binding 
sequences  exist  in  the  MnSOD  5'  promoter:  at  -1515  (1058embl) 
and  -426  (2147embl)  •   However,  LPS  and  TNF-a  responsive 


Figure  3.6.   MnSOD  genomic  sequence  from  positions  -545  to 
+38.   Selected  restriction  enzyme  sites  are  illustrated 
along  with  potential  binding  sites  for  known  transcription 
factors.   The  adenine  nucleotide  of  the  first  ATG  signal  is 
+1.   The  start  of  transcription  occurs  at  position  -74. 


TAV,-  -" 


9i--       ~  .-.jam 


46 


RAT  MnSOD  GENE  5'  FLANKING  SEQUENCE 


-545  GTG  GAG  ATC  AGG  TCG  GGG  GAA  GGT  CAC  TCA  GGG  CAT  AAA 
-506  TTA  AGT  GAG  TCA  GAA  GGC  CCC  TGA  TTA  CGC  CAT  GGC  TCT 

AP-1 
-467  GAC  CAG  CAG  CAG  GGC  CCT  GGC  TTC  CCG  GAG  GAA  AGT  CTC 
-428  TGG  GGC  TTT  CCA  GAA  CCA  GGA  ATG  GAA  AAG  GAG  TGG  AGA 

NF-kB 
-389  CAT  TGT  AGC  TCA  CAG  GCA  GAG  GTG  GCC  AAG  GCG  GCC  CGA 

'Sfi  I 
-3  50  GAA  GAG  GCG  GGG  CCT  AGT  CTG  AGG  GTG  GAG  CAT  AGC  CAC 

-311  ACC  GGG  GGC  GGG  GAC  GAG  CGG  GCC  GAG  GCC  AAG  GCC  GGT 

Spl 
-272  GAT  GGA  GGC  GTG  GCC  ACA  CTA  GGG  GCG  TGG  CCG  TGG    CAA 

-23  3  GCC   CGC   GGG  CTC  TAC  CAA  CTC  GGC  GCG  GGG  GAG  ACG  CGG 

'Sac  II 
-194  CCT  TCC  CTT  TGT  GCC  GCT  CTG  TTA  CAA  GCT  GGG  CCG  TCC 

-155  GTG  TCG  CGG  TCC  TCC  CCT  CCG  TTG  ATG  GGC  GCT  GCC  GGC 

'Nae  I 
-116  AGG  GTC  AGC  GCC  TAG  CTG  TGT  CCT  TGC  GGA  CGC  CGG  GCG 

I 

-77  GAC  GCC  GCA  GAG  CAG  ACG  CGC  GGC  TGC  TAG  CGA  ACG  GCC 

Spl  'Eag  I 

-3  8  GTG  TTC  TGA  GGA  GAG  CAG  CGG  TCG  TGG  GCG  CCT  CAG  CAA 

+2  TGT  TGT  GTC  GGG  CGG  CGT  GCA  GGT  AAG  TGG  CAG  GGC  GGA 


47 
expression  persists  in  the  MnSOD  promoter  even  when  it  is 
shortened  to  -228  by  Sac  II  digestion.  To  eliminate  LPS  and 
TNF-a  responsiveness,  it  was  necessary  to  shorten  the  MnSOD 
5'  flanking  sequence  to  position  -120.   Neither  of  the  NF-kB 
consensus  sequences  are  located  in  the  Sac  II  -  Eag  I 
fragment . 

The  2  to  3  fold  induction  in  hGH  expression  observed 
following  LPS  and  TNF-a  treatment  is  similar  to  the 
increases  in  nascent  MnSOD  transcripts  measured  in  nuclear 
run  off  studies  employing  isolated  nuclei  (Hsu,  1993) . 
However,  it  is  much  lower  than  the  induction  of  endogenous 
steady  state  MnSOD  mRNA  levels  following  LPS  or  TNF-a 
treatment  (Visner  et  al.,  1989).  This  fact,  together  with 
the  absence  of  IL-la  inducibility  suggested  that  other 
regions  might  exist  within  the  MnSOD  gene  with  important 
regulatory  function.   This  hypothesis  was  tested  in  the 
experiments  described  in  Chapter  4 . 


CHAPTER  4 
IDENTIFICATION  AND  LOCALIZATION  OF  AN  ORIENTATION-DEPENDENT 
ENHANCER  WITHIN  THE  RAT  MANGANESE  SUPEROXIDE  DISMUTASE  GENE 


Introduction 

Chromatin  studies  on  the  MnSOD  gene  have  revealed  six 
DNase  I  hypersensitive  sites  within  the  gene  in  addition  to 
the  hypersensitive  site  in  the  5'  flanking  sequence  (Hsu, 
1993)  .   Each  hypersensitive  site  indicates  an  area  of 
chromatin  with  increased  DNase  accessibility  relative  to 
surrounding  chromatin,  and  these  areas  are  potential  sites 
of  protein-DNA  interactions  with  important  regulatory 
function.   Although  I  showed  the  5'  flanking  sequence  of 
MnSOD  contains  promoter  activity  sufficient  to  drive  basal 
expression  and  to  permit  induction  by  LPS  and  TNF-a,  the 
magnitude  of  the  induction  was  relatively  low  compared  to 
their  induction  of  endogenous  MnSOD  mRNA  levels  (Visner  et 
al.,  1989).   In  addition,  unlike  the  endogenous  MnSOD  gene, 
the  5'  flanking  sequence  was  not  sufficient  for  significant 
induction  in  expression  following  IL-la  treatment. 

In  other  genes,  such  as  the  human  and  mouse 
immunoglobulin  kappa  gene  (Queen  and  Baltimore,  1983;  Judde 
and  Max,  1992),  platelet-derived  growth  factor  gene 
(Takimoto  and  Kuramoto,  1993),  alcohol  dehydrogenase- 1-S 
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49 
(Callis  et  al.,  1987)  or  collagen  (Simkevich  et  al.,  1992) 
genes,  regulatory  sequences  with  promoter  or  enhancer 
activity  have  not  been  limited  to  the  5'  flanking  sequence, 
but  have  also  been  identified  within  introns  or  in  3 ' 
flanking  sequence  distant  from  the  gene  in  question.   We 
hypothesized  that  MnSOD  sequence  contained  within  the  other 
DNase  I  hypersensitive  sites  might  contain  promoter  or 
enhancer  activity.   Therefore,  we  created  constructs 
containing  hypersensitive  sites  1  and  3  through  7  to  test 
this  hypothesis. 

Typically,  promoters  are  short,  cis-acting  sequences 
located  5 '  and  close  to  the  start  of  transcription  of  the 
gene  they  help  regulate  through  sequence-specific 
interactions  with  DNA  binding  proteins  (Dynan  and  Tjian, 
1985) .   Enhancers,  on  the  other  hand,  although  also  short 
and  cis-acting  sequences,  typically  function  whether  located 
5 '  or  3 ' ,  or  near  or  far  away  from  the  gene  whose  expression 
they  help  regulate  (Ptashne,  1986;  Serf ling  eet  al.,  1985; 
Tjian  and  Maniatis,  1994).   Promoters  are  only  active  in 
their  native  5*  to  3'  orientation,  but  many  enhancers  are 
equally  active  when  cloned  in  either  orientation.   In  order 
for  enhancer  elements  to  modify  transcription  of  a  gene,  it 
may  be  necessary  for  the  DNA  containing  the  enhancer  to  be 
distorted  or  bent  such  that  the  enhancer  element  can 
physically  interact  with  promoter  sequences  in  the  5* 
flanking  sequence  (Lilley,  1992;  Wolffe,  1994;  Giese  and 
Grosschedl,  1993;  Cullen  et  al.,  1993;  Su  et  al.,  1990). 
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There  is  also  evidence  that  the  function  of  some  enhancer 
sequences  is  dependent  upon  their  being  on  the  same  face  of 
the  supercoiled  DNA  helix  as  other  regulatory  cis  sequences 
(Hochschild  and  Ptashne,  1986;  Dunn  et  al.,  1984).   If  the 
position  of  these  enhancers  is  moved  by  5,  11,  15  or  24  base 
pairs,  thereby  placing  them  on  the  opposite  side  of  the 
helix,  their  function  is  destroyed. 

In  order  to  test  whether  the  addition  of  the  MnSOD 
genomic  sequence  containing  DNase  I  hypersensitive  sites  3 
through  7  could  modify  expression  compared  to  the  5' 
flanking  sequence  alone,  we  created  several  new  constructs 
(Figure  4.1).   The  6.1  kb  Hind  III  fragment  from  position 
+1179  to  +7311  contains  introns  2,  3  and  4,  in  addition  to, 
exons  3,  4  and  5.   This  fragment  also  contains  all  but  one 
of  the  6  DNase  I  hypersensitive  sites  in  the  MnSOD  gene 
other  than  those  in  the  5'  flanking  sequence.   The  Hind  III 
fragment  was  cloned  in  both  orientations  into  the  Hind  III 
site  of  the  pHind/EagGH  expression  vector  (Figure  4.1).   The 
resulting  vector  with  the  Hind  III  fragment  in  the  5'  to  3' 
orientation  is  denoted  pJM  17GH.   The  vector  containing  the 
Hind  III  fragment  in  the  3'  to  5'  orientation  has  been 
denoted  pJM  13GH.   The  ability  of  each  vector  to  drive  basal 
GH  expression  and  LPS,  TNF-ot  or  IL-la  stimulated  expression 
was  then  assessed  in  transient  transfection  studies.   The 
observed  enhancer  activity  was  then  further  localized. 


Figure  4.1.   Expression  vectors  assessed  for  MnSOD  gene 
enhancer  activity.   Schematic  representations  and 
restriction  maps  of  the  MnSOD  genomic  clone  and  the 
expression  vectors  constructed  to  assess  potential  enhancer 
activity  are  shown.   The  restriction  enzyme  sites  are 
indicated  above  each  sequence,  Hind  III  (H3) .   The 
expression  vectors  contain  the  6.1  kb  Hind  III  fragment  from 
positions  +1197  to  +7238  of  the  MnSOD  gene,  with  DNase  I 
hypersensitive  sites  3  through  7  (*) ,  in  either  the  5'  to 
3 'orientation  (pJM17  GH)  or  the  3'  to  5'  orientation  (pJM  13 
GH) .   In  addition,  each  expression  vector  contains  the  MnSOD 
5'  cytokine-responsive  promoter  sequence  from  the  Hind  III 
site  to  the  Eag  I  site. 
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Results 

Within  the  same  experiment,  when  compared  to  GH 
expression  from  the  Hind/Eag  GH  vector,  neither  pJM  17GH  nor 
pJM  13GH  significantly  altered  basal,  unstimulated 
expression  (Figure  4.2).   However,  pJM  17GH  dramatically 
increased  LPS,  TNF-a  and  IL-la  stimulated  expression 
compared  to  Hind/Eag  GH,  indicating  an  enhancer  activity 
existed  within  the  6.1  kb  Hind  III  fragment  of  the  MnSOD 
genomic  sequence.   In  contrast,  both  basal  and  stimulated 
expression  from  pJM  13GH  was  not  significantly  different 
from  Hind/Eag  GH.   Thus,  the  enhancer  function  of  the  Hind 
III  MnSOD  fragment  is  dependent  upon  its  orientation. 

To  confirm  that  the  changes  in  hGH  gene  expression 
observed  at  the  secreted  protein  level  reflected  changes  in 
transcription,  and  not  changes  in  translational  control,  we 
compared  levels  of  hGH  mRNA  isolated  from  cells  72  hours 
after  transfection  (Figure  4.3).   As  expected,  non- 
transfected  L2  cells  expressed  no  detectable  hGH  mRNA.   L2 
cells  transfected  with  pHind-Eag  GH  or  pJM17  GH  expressed 
basal  and  LPS-stimulated  hGH  mRNA.   LPS  increased  hGH  mRNA 
expression  3  fold  from  pHind-Eag  GH  transfected  cells 
compared  to  a  9  fold  induction  from  pJM17  GH  transfected 
cells.   These  data  support  the  enhancer  function  identified 
in  the  protein  data  with  pJM  17  GH.   Expression  of 
endogenous  MnSOD  mRNA  was  detectable  in  non-transfected  and 
untreated  cells.   LPS  treatment  increased  MnSOD  mRNA  levels 
by  11  and  16  fold  in  cells  transfected  with  pHind-Eag  GH  and 
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58 
pJM17  GH  respectively,  indicating  that  expression  from  the 
endogenous  intact  regulatory  gene  sequences  is  still  more 
efficient  than  from  either  transfected  plasmids. 

To  begin  to  localize  the  enhancer-active  sequence 
within  the  Hind  III  fragment,  I  linearized  pJM17  GH  using 
the  Hpa  I  restriction  site  at  position  +4942  (7515embl) 
followed  by  a  partial  digest  with  Hind  III.   I  then  isolated 
both  shortened  linearized  constructs,  and  filled  in  the  5' 
Hind  III  overhang  using  a  Klenow  fill-in  reaction  (as 
previously  described)  before  ligating  the  shortened 
plasmids.   The  resulting  two  deleted  hGH  expression  vectors, 
pSC  17/11  GH  and  pSC  17/9  GH  (Figure  4.4),  were  assessed  for 
enhancer  activity  compared  to  pHind/Eag  GH  and  pJM  17  GH. 
The  vector  containing  the  3.8  kb  Hind  III  to  Hpa  I  fragment 
from  +1106  (3679embl)  to  +4942  (7515embl)  /  denoted  pSC  17/11 
GH,  includes  DNase  I  hypersensitive  sites  3  and  4.   The 
vector  containing  the  2 . 3  kb  fragment  from  Hpa  I  site  to  the 
downstream  Hind  III  site  at  +7238  (9811embl)  includes  DNase  I 
hypersensitive  sites  5,  6  and  7,  and  is  denoted  pSC  17/9  GH. 

Results  of  transient  transfection  experiments  in  the 
rat  lung  L2  cells  are  summarized  in  Figure  4.5.   The  data 
again  demonstrate  the  enhancer  activity  of  pJM  17GH 
significantly  increased  stimulated,  but  not  basal,  mean  hGH 
expression  compared  to  pHind/Eag  GH.   The  enhancer  increased 
LPS-stimulated  expression  from  2.26  ±  0.14  ng/ml  in 
pHind/Eag  GH  transfected  cells  to  8.7  ±  2.46  ng/ml  in  JM  17 
GH  transfected  cells  (p<0.05),  a  4  fold  increase.  For  TNF-a 


* 


59 
treated  cells,  the  enhancer  in  JM  17  GH  increased  hGH 
expression  pHind/Eag  driven  expression  from  2.33  ±  0.28  to 
7.49  ±  1.37  ng/ml  (p<0.05).   In  contrast  to  the  5'  flanking 
sequence  in  pHind/Eag  alone,  with  the  addition  of  the 
enhancer-containing  sequence  in  JM17  GH,  IL-la  treatment 
significantly  increased  hGH  expression.   IL-la  treatment  of 
pHind/Eag  GH  transfected  cells  only  increased  hGH  expression 
from  1.0  ±  0.47  to  1.54  ±  0.25  (p>0.05).   With  the  enhancer 
in  pJM  17  GH  present,  IL-la  stimulated  expression  increased 
from  1.83  ±  0.35  to  5.2  ±  0.98  (p<0.05). 

The  enhancer  activity  of  JM17  GH  was  retained  in  the 
pSC  17/11  GH  vector  containing  the  upstream,  3.8  kb.  Hind 
III-Hpa  I  fragment  with  DNase  I  hypersensitive  sites  3  and  4 
(Figure  4.5).  In  contrast,  when  this  3.8  kb  fragment  was 
deleted  from  pJM  17  GH,  creating  pSC  17/9  GH  (containing  HS 
sites  5,  6,  and  7),  expression  was  indistinguishable  from 
pHind/Eag  GH. 

Discussion 

These  experiments  demonstrate  the  presence  of  a 
functional  enhancer  in  the  Hind  III  fragment  of  the  MnSOD 
genomic  sequence  between  +1179  and  +7311  from  the  start  of 
transcription.   The  enhancer  more  than  doubles  expression 
compared  to  the  5'  flanking  sequence  alone.   It  has  been 
further  localized  to  the  upstream  portion  of  this  sequence 


Figure  4.4.   Cloning  of  deletion  constucts  from  pJM17  GH  to 
localize  enhancer  activity.   The  Hpa  I-cut  pJM17  GH  vector 
is  represented  along  with  a  restriction  map,  DNase  I 
hypersensitive  sites  (*) ,  and  exons.  The  Hind  III  (H3)  to 
Eag  I  5 '  cytokine-responsive  promoter  region  of  MnSOD  is 
denoted  by  the  horizontal  white  rectangle  near  the  5'  end. 
The  H3  fragment,  from  positions  +1107  to  +2738  of  the  MnSOD 
gene, is  denoted  by  a  gray  shaded  rectangle.   It  has  been  cut 
at  position  +4938  by  Hpa  I  digestion.   Following 
linearization  of  pJM17  GH  with  Hpa  I,  partial  digestion  with 
Hind  III  created  the  11  kb  and  9  kb  deletion  constructs 
called  pSC  17/11  GH  and  pSC17/9  GH.   The  H3  (+1107)  to  Hpa  I 
(+4938)  fragment  contains  hypersensitive  sites  (*)  3  and  4 
and  forms  part  of  pSC17/ll  GH.   Following  ligation,  the 
orientation  of  this  fragment  has  been  reversed  relative  to 
the  parent  vector,  pJM17  GH.   The  Hpa  I  (+4938)  to  H3 
(+72  38)  fragment  contains  hypersensitive  sites  5,  6  and  7, 
and  is  found  in  pSC17/9  GH.   Following  ligation,  this 
fragment  is  in  the  same  orientation  relative  to  the  parent 
vector,  pJM  17  GH. 
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64 
between  the  Hind  III  restriction  site  at  +1179  and  the  Hpa  I 
siteat  +5013.   This  sequence 

contains  6  NF-IL6  consensus  sequences  compared  to  1  such  sequence 
in  the  downstream  fragment  from  Hpa  I  to  the  3 'Hind  III  site. 
The  NF-IL6  enhancer-binding  protein  is  also  now  termed 
CCAAT/ enhancer-binding  protein  /S  (C/EBP/3)  (Stein  et  al.,  1993). 
Binding  of  transcription  factors  NF-IL6  and  NF-kB,  to  sites 
within  the  same  promoter,  has  been  shown  to  synergistically 
activate  transcription  of  genes  coding  for  IL-6  and  IL-8 
(Matsusaka  et  al.,  1993;  Mukaida  et  al.,  1990),  and  serum  amyloid 
A  (Li  and  Liao,  1992;  Betts  et  al.,  1993).   In  addition,  NF-IL6 
and  NF-kB  have  been  shown  to  functionally  and  physically 
associate  and  synergistically  stimulate  expression  of  reporter 
genes  from  synthesized  promoters  containing  a  NF-IL6  binding 
site,  a  TATA  sequence  and  a  NF-/cB  binding  sequence  (Stein  et  al., 
1993) .   The  p50  subunit  of  NF-kB  has  been  shown  to  specifically 
bind  proteins  encoded  by  cDNAs  for  the  NF-IL6  transcription 
factor  (LeClair  et  al.,  1992).   This  association  has  been  shown 
to  take  place  between  the  N-terminal  Rel  homology  domain  of  NF-/cB 
and  the  leucine  zipper  motif  of  NF-IL6.   The  interaction  mediates 
functional  synergy  in  promoters  with  NF-IL6  binding  sites  (Stein 
et  al. ,  1993) . 

My  studies  are  the  first  to  demonstrate  enhanced  expression  from 
a  MnSOD  genomic  sequence  combining  5 '  promoter  sequences  with  a 
distant  downstream  sequence  containing  a  portion  of  intron  2,  all 
of  exon  3,  intron  3,  exon  4,  and  part  of  intron  4.   Based  on 
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sequence  analysis,  it  is  possible  that  this  enhanced  expression 
is  mediated  by  an  interaction  between  proteins  within  DNase  I 
hypersensitive  site  1  (subsites  6  and  7)  with  NF-/cB  or  NF-IL6 
bound  transcription  factors  in  the  downstream  enhancer  sequence. 
Interestingly,  however,  the  MnSOD  5'  flanking  sequence  that  I 
have  shown  induces  LPS  and  TNF  expression  does  not  contain  either 
NF-kB  or  NF-IL6  consensus  binding  sequences. 

Although  most  enhancers  function  in  an  orientation  independent 
manner,  the  enhancer  from  the  MnSOD  gene  was  much  more  effective 
at  boosting  expression  when  present  in  the  same,  5'  to  3', 
orientation  as  the  promoter  sequence.   The  mechanism  by  which 
distant  enhancers  interact  with  promoter  elements  to  increase 
transcription  is  unknown,  but  most  of  the  possibilities  mentioned 
in  the  literature  propose  direct  contact  between  proteins  bound 
to  the  enhancer  and  promoter  sequences  alterring  DNA  architecture 
and  increasing  the  frequency  of  transcript  initiation  by  an  as 
yet  unknown  mechanism.   The  intervening  DNA  may  be  bent  (Giese 
and  Grosschedl,  1993),  looped  out  (Schleif,  1987),  or  wrapped  up 
(Wolffe,  1994) .   The  DNA  may  be  twisted  or  unwound  from  histones 
(Felsenfeld,  1992) ,  or  the  regulatory  proteins  may  recognize  a 
specific  site  on  DNA  and  then  slide  along  the  DNA  (or  thread  it 
through  the  protein)  until  the  second  critical  regulatory  site  is 
encountered  (Ptashne,  1986) .   Alternatively,  after  binding  to  its 
specific  sequence,  a  regulatory  protein  may  then  assist  the 
binding  of  another  protein  to  adjacent  sequences,  which  in  turn 
helps  another  to  bind  next  to  it,  and  so  on,  until  a  procession 
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of  proteins  has  oozed  out  from  the  control  sequence  to  the  gene 
where  transcription  is  initiated  (Ptashne,  1986) .   These  latter 
two  models  seem  unlikely  when  enhancer  and  promoter  elements  are 
separated  by  thousands  of  base  pairs — as  in  the  MnSOD  gene.   The 
deletion  analysis  data  presented,  does  not  permit  us  to  determine 
the  exact  bases  that  are  critical  for  the  MnSOD  enhancer  and 
promoter  activity.   Alternative  experimental  approaches  will  be 
required  as  described  in  Chapter  6. 


CHAPTER  5 
REGULATION  OF  INDUCIBLE  NITRIC  OXIDE  SYNTHASE  mRNA  LEVELS  IN 
MOUSE  MACROPHAGE  CELL  LINES  AND  RAT  PERITONEAL  MACROPHAGES 


Introduction     ■..  r    ■        "    t 

•        .  f  ..      .  ••:»-5  *  .■■>.    ■ 

Nitric  oxide  (NO  )  ,  a  free  radical  gas  with  crucial 
immune,  cardiovascular  and  neurological  second  messenger 
functions,  is  synthesized  by  several  isoforms  of  the  enzyme 
nitric  oxide  synthase  (NOS) (Moncada,  et  al.,  1991;  Nathan, 
1992;  Lowenstein  and  Snyder,  1992;  Stuehr  and  Griffith, 
1992) .   Expression  of  the  various  isoforms  is  regulated 
differently.   Inducible  NOS  (iNOS) ,  cloned  from  a  murine 
macrophage  cell  line  (Lyons,  et  al.,  1992;  Xie,  et  al., 
1992;  Lowenstein,  et  al.,  1992)  and  human  hepatocytes 
(Geller  et  al.,  1993),  is  regulated  at  the  transcriptional 
level,  whereas  expression  of  the  endothelial  and  neural 
isoforms  is  constitutive  (cNOS) ,  and  is  regulated 
predominantly  at  the  post-transcriptional  level. 

Most  studies  on  the  expression  of  NOS  have  inferred 
changes  in  NOS  activity  from  measurements  of  nitrites  (NOj) 
and  nitrates  (NO3")  ,  soluble,  stable  metabolites  of  NO  gas. 
Conclusions  about  which  NOS  isoform  produced  the  observed 
increases  in  NOj'  or  NO3",  have  depended  largely  upon  indirect 
evidence  including  cell  type,  time  course,  stimuli,  and 
calcium/calmodulin  dependence  or  independence  (Stuehr 
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and  Griffith,  1992) .   However,  recent  cloning  of  the  cDNA 
encoding  the  transcriptionally  regulated  macrophage  iNOS 
has  made  possible  direct  and  specific  measurements  of  the 
regulation  of  its  transcription  in  various  cell  types. 

In  murine  macrophages,  treatment  with  bacterial  LPS  or 
cytokines  such  as  INF-7  increases  iNOS  mRNA  and  levels  of 
N02'  and  NOj'  (Lorsbach  et  al.,  1993;  Chesrown  et  al.,  1994). 
Enhanced  killing  of  microbes  and  tumor  cells  also  results 
(Green  et  al.,  1991;  Higuchi  et  al.,  1990).   Conversely, 
treatment  of  murine  macrophages  with  other  cytokines  such  as 
IL-10,  IL-4  and  TGF-j8  have  been  reported  to  inhibit  NO 
production  and  killing  activity  (Gazzinelli,  et  al.,  1992; 
Oswald,  et  al.,  1992;  Nelson,  et  al.,  1991).   There  have 
been  no  similar  reports  on  human  macrophages  or  peripheral 
blood  monocytes  (PBMC) . 

My  studies  have  characterized  the  induction  of  iNOS 
steady  state  mRNA  levels  following  LPS  stimulation  and  the 
mechanisms  involved.   I  chose  to  evaluate  mRNA  levels  rather 
than  NOS  activity  measurements  in  order  to  directly  link 
stimulus-dependent  responses  to  a  specific  NOS  isoform.   I 
examined  this  induction  in  both  murine  cell  lines  and  rat 
primary  cell  cultures.   Cytokine  treatment  failed  to  induce 
iNOS  mRNA  in  human  PBMC. 

In  addition  to  decreasing  NOj'  production,  the 
cytokines  IL-10  and  TGF-/S  have  been  shown  to  down-regulate 
many  other  macrophage  functions  (De  Waal  Malefyt  et  al., 
1991a  and  1991b;  Fiorentino  et  al.,  1991).   However, 


69 
Corradin  et.  al.  (Corradin  et  al.,  1993)  recently 
demonstrated  enhanced  NO2"  release  by  IL-10  in  bone  marrow- 
derived  mouse  macrophages  stimulated  by  INF-7  plus  TNF-a. 
IL-10  had  no  effect  in  cells  stimulated  with  INF-7  alone  or 
in  combination  with  LPS  in  this  report.   Therefore,  I 
studied  the  effect  of  IL-10  and  TGF-/3  treatment  on  the 
induction  of  iNOS  mRNA  by  LPS  and  INF-7.   Results 
demonstrated  opposite  effects  of  IL-10  and  TGF-/3  on  INF-7 
induced  iNOS  mRNA  steady  state  levels  providing  further 
documentation  of  the  complex  regulation  of  immunological  and 
inflammatory  macrophage  functions. 

Results 

Characterization  of  iNOS  Response  to  LPS 

To  define  the  potency  of  LPS  on  iNOS  mRNA  induction  in 
a  murine  macrophage  cell  line,  I  exposed  RAW264.7  cells  to 
increasing  concentrations  of  LPS  for  8  hours  before  RNA 
isolation.   Figure  5.1  shows  the  results  of  the  Northern 
analysis.   In  untreated  RAW264.7  cells,  no  iNOS  mRNA  was 
detectable  even  after  prolonged  exposure  of  autoradiographs. 
The  i'NOS  mRNA  levels  increase  in  response  to  LPS  in  a  dose- 
dependent  fashion.   Induction  of  the  message  was  apparent  at 
20  ng/ml,  and  was  near  maximal  at  200  ng/ml. 

To  compare  the  time-dependent  LPS  induction  of  iNOS 
mRNA  in  two  different  murine  macrophage  cell  lines,  and  to 
demonstrate  that  this  response  is  not  unique  to  a  single 
cell  line,  I  exposed  RAW264.7  and  J774  cells  to  LPS  (200 
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ng/ml)  and  isolated  RNA  at  varying  times.   Figure  5.2  from 
RAW264.7  cells  illustrates  obvious  induction  of  iNOS  mRNA  at 
4  h,  with  a  peak  at  12  h,  followed  by  a  decrease  from  24  to 
40  h.   Overexposure  of  this  autoradiograph  showed  that 
induction  of  the  iNOS  mRNA  was  detectable  by  2  h.   In  J774 
cells,  the  kinetics  of  LPS  induction  of  iNOS  mRNA  were  very 
similar  (not  shown) .   Basal  levels  of  iNOS  mRNA  were 
undetectable.   Induction  of  the  message  was  obvious  at  4  h, 
peaked  at  8  h,  and  was  decreasing  at  24  h.   Again  in  these 
cells,  overexposure  of  the  autoradiograph  revealed 
detectable  iNOS  mRNA  at  2  h. 

To  show  whether  the  effect  of  LPS  on  iNOS  mRNA  levels 
was  limited  to  murine  macrophage  cell  lines,  I  isolated 
unstimulated  and  unelicited  peritoneal  macrophages  from 
pathogen  free  Sprague-Dawley  male  rats.   Following  their 
adherence  to  tissue  culture  plastic,  I  treated  them  with  LPS 
at  200  ng/ml  for  6  hours  before  isolating  RNA.   Unlike 
murine  cell  lines.  Figure  5.3  shows  that  primary  culture  rat 
macrophages  unstimulated  in  vitro  have  a  detectable  basal 
expression  of  iNOS  mRNA.   Like  the  murine  cell  lines, 
expression  of  iNOS  mRNA  is  strongly  enhanced  by  LPS. 

Effect  of  Actinomycin  D  and  Cycloheximide  on  LPS  Induction 
of  iNOS  mRNA  in  RAW2  64.7  Cells 

LPS  induction  of  iNOS  mRNA  steady  state  levels  could 

result  from  an  increase  in  transcription,  a  prolongation  of 

iNOS  mRNA  half-life,  or  both.   To  address  these 

alternatives,  RAW264.7  cells  were  grown  to  near  confluence 
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Figure  5.3.  Northern  analysis  of  RNA  from  unelicited 
resident  rat  peritoneal  macrophages  exposed  to  LPS. 
Peritoneal  macrophages  were  plated  at  10*  per  dish  and 
after  3  h,  non-adherent  cells  were  removed  by  PBS 
washing.   Adherent  macrophages  were  treated  with  medium 
alone  (C)  or  LPS  (200  ng/ml)  for  6  h.   Levels  of  iNOS 
and  cathepsin  B  mRNA  were  determined  by  Northern 
analysis.   RNA  loading  in  each  lane  was  documented  by 
cathepsin  B  control. 
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under  standard  conditions  and  then  treated  for  4  hours  with 
LPS  (50  ng/ml)  alone  or  co-treated  with  LPS  (50  ng/ml)  and 
increasing  concentrations  of  actinomycin  D  or  cycloheximide. 
I  employed  a  dose-dependent  analysis  of  these  inhibitors  due 
to  the  observation  that  both  agents  were  toxic  to  these 
cells  at  concentrations  typically  used  (Visner  et  al., 
1989).   Figure  5.4A  shows  the  response  of  iNOS  mRNA  to  LPS 
and  actinomycin  D  alone  and  the  effects  of  increasing 
concentrations  of  actinomycin  D  on  LPS-induced  levels  of 
iNOS  mRNA.   At  concentrations  ranging  from  4nM  to  4  fj-K, 
actinomycin  D  alone  caused  no  detectable  iNOS  mRNA 
expression,  and  LPS-induced  iNOS  mRNA  levels  were  decreased 
in  a  dose-dependent  fashion  by  low  doses  of  the 
transcriptional  inhibitor.   The  LPS  induction  was  completely 
inhibited  by  actinomycin  D  at  400  nM. 

The  effect  of  LPS  on  iNOS  expression  in  RAW264.7  cells 
was  first  detectable  after  2  h  of  LPS  exposure  (Figure  5.2). 
This  provides  time  for  new  protein  synthesis,  which  may  be  a 
prerequisite  for  the  LPS  induction.   To  determine  if  new 
protein  synthesis  played  a  role  in  iNOS  induction,  RAW264.7 
cells' were  exposed  for  4  h  to  LPS  alone  (50  ng/ml), 
increasing  concentrations  of  cycloheximide  (20  nM  to  20  /xM) 
or  co-treatment  with  LPS  and  increasing  concentrations  of 
cycloheximide.   Figure  5.4B  illustrates  the  dose-dependent 
cycloheximide  inhibition  of  the  LPS  induced  increase  in  iNOS 
mRNA  in  RAW2  64.7  cells.   Overexposure  of  the  autoradiograph 
revealed  underloaded  but  intact  RNA  in  the  2uM  cycloheximide 
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alone  lane.  The  inhibition  is  evident  at  2  /iM  cycloheximide 
and  was  almost  complete  at  20  /xM  of  this  inhibitor. 

IL-10  and  TGF-8   Effects  on  LPS  and  INF-7  induction  of  iNOS 
mRNA  Levels  in  RAW264.7  Cells 

To  further  characterize  the  induction  of  iNOS  mRNA,  I 
treated  confluent  RAW264.7  cells  for  8  hours  with  LPS  (50 
ng/ml)  and  INF-7  (50  U/ml)  alone  or  in  combination.   Then 
using  co-treatment,  I  assessed  the  ability  of  TGF-/3  (10 
ng/ml)  and/or  IL-10  (100  U/ml)  to  modulate  the  LPS  and  INF-7 
induced  iNOS  mRNA  expression.   Figure  5.5  shows  the  absence 
of  iNOS  mRNA  expression  in  unstimulated  RAW264.7  cells  (Bar 
1)  .   Exposure  to  either  IL-10  or  TGF-/3  alone  showed  no 
induction  after  8  hours  (Bars  2  and  3) .   LPS  and  INF-7  alone 
(Bars  4  and  8)  each  induced  iNOS  mRNA  to  similar  levels 
after  8  hours.    However,  IL-10  co-treatment  synergistically 
augmented  INF-7  induction  of  iNOS  mRNA  expression  (Bar  9) 
while  slightly  decreasing  the  induction  of  iNOS  mRNA  by  LPS 
(Bar  5)  .   In  contrast,  TGF-jS  had  only  minor  inhibitory 
effects  on  LPS  (Bar  6) ,  INF-7  (Bar  10)  or  their  combination 
(Bar  12) . 

As  reported  by  others  (Lorsbach  et  al.,  1993),  I  found 
a  synergistic  increase  in  iNOS  mRNA  expression  following 
exposure  of  cells  to  both  LPS  and  INF-7  (Bar  7) .   IL-10 
treatment  combined  with  LPS  and  INF-7  further  increased  this 
high  iNOS  mRNA  expression  (Bar  11) .    Finally,  cells  treated 
simultaneously  with  LPS,  INF-7,  IL-10  and  TGF-j8, 
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expressed  iNOS  mRNA  at  a  level  similar  to  the  combination  of 
LPS,  INF-7  and  IL-10  (Bar  13). 

Effect  of  LPS  and  Cytokine  Mixtures  on  iNOS  mRNA  Levels  in 
Other  Rat  and  Hvunan  Cell  Types 

To  determine  whether  iNOS  mRNA  could  be  induced  in 

other  rat  cells  or  in  human  cells,  I  did  Northern  analyses 

looking  for  iNOS  mRNA  expression  in  rat  pulmonary  artery 

endothelial  cells,  a  rat  lung  epithelial  cell  line  (L2 

cells) ,  and  human  PBMC  from  both  a  healthy  volunteer  and  a 

patient  with  chronic  granulomatous  disease.   In  none  of 

these  cells  was  iNOS  mRNA  basal  expression  detectable  nor 

was  induction  observed  after  8  h  exposure  to  any  of  the 

single  agents  (LPS,  TNF-a,  IL-1/3,  and/or  INF-7)  or  a  mixture 

of  these  four  cytokines.   The  cytokine  mixture  tested  was 

the  same  as  that  reported  to  maximally  induce  the  expression 

of  iNOS  mRNA  in  human  hepatocytes  (Nussler  et  al.,  1992). 

Using  a  rat  cathepsin  B  probe  as  a  control,  Northern 

analysis  of  the  membranes  from  these  experiments  confirmed 

equal  RNA  loading.  Inclusion  of  a  lane  of  RNA  from  LPS 

treated  RAW264.7  cells  confirmed  the  function  of  the 

radiolabeled  iNOS  cDNA  probe.  (Data  not  shown.) 

Discussion 

Activation  of  any  of  the  isoforms  of  NOS  results  in 
production  of  NO  that  rapidly  reacts  with  oxygen  in  water  - 
ultimately  forming  stable  nitrates  and  nitrites  (Stuehr  and 
Griffith,  1992) .   These  compounds  are  easily  measured  in 
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tissue  culture  supernatants  as  indirect  measures  of  total 
NOS  expression.   Recent  cloning  of  cDNAs  for  specific  NOS 
isoforms  from  different  tissues  and  species  now  allows  more 
direct  measurement  of  expression  of  specific  NOS  isoforms 
(Lyons,  et  al.,  1992;  Xie,  et  al.,  1992;  Lowenstein,  et  al., 
1992;  Marsden,  et  al. ,  1992;  Kishimoto,  et  al.,  1992; 
Nunokawa,  et  al.,  1993).  Characterization  of  the  cytokine- 
inducible  NOS  (iNOS)  confirmed  that  it  is  regulated  at  the 
transcriptional  level.   However,  except  in  more  recent 
reports,  most  studies  on  the  regulation  of  iNOS  expression 
have  shown  measurements  of  nitrates  and  nitrites  in  tissue 
culture  supernatants  rather  than  changes  in  iNOS  mRNA 
levels.   My  studies  describe  the  effects  of  various 
inflammatory  mediators  on  the  steady  state  levels  of  iNOS 
mRNA  in  several  cell  types  from  mouse,  rat  and  humans. 

To  extend  previous  observations  on  iNOS  regulation,  I 
used  a  mouse  macrophage-derived  iNOS  cDNA  clone  to  analyze 
regulated  expression  in  several  cell  types  including  two 
murine  macrophage  cell  lines,  as  well  as  in  primary  cultures 
of  rat  peritoneal  macrophages.   Northern  analyses  showed 
that  low  concentrations  of  bacterial  LPS  induced  iNOS  mRNA 
levels  dramatically  in  each  case.   The  cell  lines  had 
undetectable  basal  levels  of  iNOS  mRNA  while  the  unelicited 
rat  peritoneal  macrophages  demonstrated  low  basal  iNOS  mRNA 
expression.   In  two  mouse  macrophage  cell  lines  the  time 
course  of  LPS-mediated  iNOS  induction  was  similar.   It 
occurred  rapidly,  within  2  hours,  peaked  at  about  12  hours. 
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and  was  declining  by  24  hours.   Inhibition  of  iNOS  itiRNA 
induction  by  low  concentrations  of  actinomycin  D  is 
consistent  with  the  requirement  for  de  novo  transcription. 
Cycloheximide,  at  a  very  low  concentration,  inhibited  LPS- 
mediated  increases  in  iNOS  mRNA.   This  suggests  that  newly 
synthesized  polypeptide (s)  are  either  necessary  for  LPS- 
signaled  iNOS  transcription,  and/or  that  newly  synthesized 
polypeptide (s)  attenuate  a  pre-existing  ribonuclease 
activity. 

Both  TGF-jS  and  IL-10  have  been  shown  to  inhibit 
multiple  macrophage  functions.   Specifically,  IL-10  has  been 
reported  to  decrease  INF-7  induced  NO  biosynthesis  (Cunha 
et  al.,  1992;  Oswald,  et  al.,  1992;  Bogdan  et  al.,  1991) 
and  INF-7  induced  parasite  killing  (Gazzinelli  et  al.,  1992) 
by  mouse  peritoneal  macrophages  elicited  by  intraperitoneal 
thioglycolate.   In  contrast,  I  observed  that  IL-10  co- 
treatment  with  INF-7  dramatically  augmented  the  iNOS  mRNA 
induction  in  a  murine  macrophage  cell  line.   IL-10  also 
further  increased  the  iNOS  mRNA  level  induced  by  the 
synergistic  effect  of  LPS  plus  INF-7.   These  data  contradict 
the  previous  reports  where  NOS  activity  was  measured  .   The 
differences  in  these  observations  may  result  from  the 
different  cells  studied  or  the  existence  of  multiple  NOS 
isoforms,  and  be  due  to  the  fact  that  NOS  expression  was 
evaluated  by  different  means.   We  intentionally  chose  to 
study  mRNA  levels  using  a  gene-specific  probe  in  order  to 
avoid  any  shortcomings  of  the  less  direct  activity  assays 
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which  cannot  differentiate  between  isoforms.   It  is, 
therefore,  possible  that  the  discrepancy  with  previous  data 
may  arise  from  differential  regulation  of  each  isoform  at 
either  the  transcriptional  or  post  transcriptional  level. 
In  addition,  this  may  also  represent  a  difference  between 
the  cells  studied.  Namely,  the  previous  studies  (Gazzinelli 
et  al.,  1992;  Cunha  et  al.,  1992;  Oswald,  et  al.,  1992) 
evaluated  macrophages  from  an  inflammatory  exudate  that  had 
been  elicited  by  intraperitoneal  periodate  or  thioglycolate 
and  stimulated  by  INF-7,  whereas  we  studied  the  effects  of 
IL-10  alone  or  in  combination  with  LPS  and  INF-7  on  a  murine 
cell  line.   Clarification  of  this  issue  will  require  the 
availability  of  inhibitors  specific  to  each  of  the  NOS 
isoforms,  so  that  activity  measurements  can  independently 
reflect  the  different  isoforms. 

More  recently,  IL-10  has  been  reported  to  enhance  NOj" 
release  from  murine  bone  marrow-derived  macrophages 
stimulated  in  vitro  with  INF-7  plus  TNF-a,  but  not  INF-7 
alone  (Corradin  et  al.,  1993).   These  authors  also  report 
that  IL-10  inhibited  NOj'  release  from  these  cells  treated 
with  LPS  in  combination  with  INF-7.   Thus,  in  this  study  as 
well  as  the  present  study  IL-10  has  been  shown  to  increase 
iNOS  expression.   In  the  macrophage  cell  line  employed  in 
the  present  study,  IL-10  increased  iNOS  mRNA  induced  with 
INF-7  alone  or  INF-7  in  combination  with  LPS.  It  is 
consistent  with  the  notion  that  the  regulation  of  iNOS  is 
very  specific  to  cell  type,  cell  activity  and  species. 
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Again  based  on  NOj"  assays,  TGF-j5  has  been  reported  to 
inhibit  NO  biosynthesis  in  activated  macrophages  (Ding  et 
al.,  1990;  Nelson  et  al.,  1991),  as  well  as  in  cytokine- 
induced  human  smooth  muscle  cells  (Junquero  et  al.,  1992) 
and  in  rat  renal  mesangial  cells  (Pfeilschifter  and  Vosbeck, 

1991)  .   Therefore,  I  also  examined  the  effects  of  TGF-j8 
alone  on  iNOS  mRNA  expression  and  on  LPS  and  INF-7  induced 
expression  of  iNOS  mRNA  levels.   In  contrast  to  IL-10 
effects,  and  in  agreement  with  published  activity  data  ,  co- 
treatment  of  cells  with  TGF-/3  and  1)LPS,  2)INF-7  or  3)  LPS 
plus  INF-7,  slightly  decreased  iNOS  mRNA  induced  levels.   As 
IL-10  and  TGF-/3  have  been  shown  to  suppress  cytokine  release 
from  macrophages  by  different  mechanisms  (Bogdan  et  al., 

1992)  they  may  also  employ  different  mechanisms  in 
regulating  iNOS  mRNA  levels. 

There  have  been  2  reports  of  NO  production  and 
enhanced  microbial  killing  in  infected  human  macrophages 
derived  from  peripheral  blood  monocytes  (Denis,  1991;  Munoz- 
FernSndez  et  al.,  1992).   Another  recent  report  infers  basal 

NO  biosynthesis  and  release  from  human  neutrophils  and 

»» 
peripheral  blood  monocytes  obtained  from  both  healthy 

volunteers  and  patients  with  chronic  granulomatous  disease 

(CGD) (Condino-Neto  et  al.,  1993).   However,  other  efforts  to 

induce  NO-  biosynthesis  in  human  mononuclear  phagocytes  have 

been  largely  unsuccessful  (Schneemann  et  al.,  1993).   This 

has  prompted  one  group  of  investigators  to  conclude  that  NOS 

is  not  a  part  of  the  antimicrobial  defenses  of  human 
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macrophages  (Schneemann  et  al.,  1993).   In  agreement  with 
these  authors,  I  observed  no  induction  of  iNOS  mRNA  in  human 
macrophages  isolated  from  peripheral  blood  monocytes  of  a 
healthy  volunteer  or  a  patient  with  CGD  stimulated  with  the 
mixture  of  inflammatory  mediators  used  successfully  by 
Geller  et  al.  (1993)  to  induce  iNOS  mRNA  in  human 
hepatocytes.   In  addition,  I  did  not  detect  any  cytokine- 
dependent  effects  on  iNOS  expression  in  human  or  rat 
pulmonary  artery  endothelial  cells,  although  other 
endothelial  cells  have  been  reported  to  have  inducible  NO 
production.   These  data,  therefore,  extend  to  the  mRNA  level 
previous  reports  that  have  found  no  inducible  NOS  activity 
in  human  macrophages. 

In  conclusion,  these  results  underscore  the  importance 
of  independently  evaluating  the  specific  enzymatic  isoforms 
of  NOS  following  stimulation  of  nitric  oxide  production. 
They  also  further  demonstrate  important  species  and  cell 
type  specificity  of  iNOS  regulation. 


CHAPTER  6 
CONCLUSIONS  AND  FUTURE  DIRECTIONS 


Superoxide  and  nitric  oxide  are  reactive  free  radicals 
enzymatically  produced  by  many  cells  that  help  defend 
against  invading  microorganisms.   Superoxide  formation  is 
also  increased  at  sites  of  inflammation  (whether  infected  or 
sterile) ,  and  in  tissues  exposed  to  increased  concentrations 
of  oxygen  tension.   Nitric  oxide  serves  as  an  intercellular 
second  messenger  in  blood  vessels  and  neurons  in  addition  to 
its  host  defense  role. 

Because  these  free  radicals  are  highly  reactive,  they 
are  capable  of  mediating  extensive  and  lethal  cellular 
damage.   As  a  result,  their  concentrations  are  tightly 
regulated.   In  the  case  of  both  superoxide  and  nitric  oxide, 
production  is  limited  by  the  regulated  enzymes  NADPH  oxidase 
and  nitric  oxide  synthase  respectively.   In  addition,  to 
scavenge  superoxide  molecules  that  are  non-specif ically 
produced  and  to  limit  their  damage  to  healthy  tissues,  cells 
have  evolved  specific,  inducible  enzymatic  systems  to 
mediate  rapid  superoxide  destruction. 

Inducible  Nitric  Oxide  Synthase 

From  the  studies  described  in  Chapter  5,  we  conclude 
that  the  murine  macrophage  inducible  isoform  of  nitric  oxide 
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synthase  is  a  transcriptionally  regulated  gene  with  no 
detectable  basal  mRNA  expression.   Its  transcription 
requires  new  protein  synthesis  and  it  is  rapidly  and 
dramatically  induced  by  the  pro-inflammatory  cytokines  or 
bacterial  cell  wall  constituents. 

One  unexpected  observation  was  the  synergistic  effect 
of  IL-10  on  INF-7  induced  but  not  LPS  induced  steady  state 
levels  of  iNOS  mRNA.   This  suggests  a  specific  interaction 
that  would  be  interesting  to  investigate  further.   It  would 
be  prudent  to  first  confirm  the  observation  in  other  cell 
types  to  insure  that  it  is  not  a  phenomenon  limited  to  one 
macrophage  cell  line.   Following  that,  to  determine  if  this 
synergy  involves  increased  transcript  formation,  one  could 
measure  new  transcript  formation  using  a  nuclear  run-on 
assay  from  cells  treated  with  INF-7  alone  vs  cells  treated 
with  the  combination  of  INF-7  plus  IL-10.   If  the  synergy  is 
shown  to  be  transcriptional,  one  might  localize  responsible 
cis-acting  regions  using  DNase  I  analysis  of  chromatin  and 
deletion  analysis.   To  identify  specific  protein-DNA 
interactions,  electrophoretic  mobility  gel  shift  analysis 
with  wild  type  and  mutated  oligonucleotides  containing 
candidate  response  elements  might  be  helpful.   Finally, 
relevant  in  vivo   protein-DNA  interactions  might  be  revealed 
at  single  nucleotide  resolution  by  in  vivo  footprinting 
experiments.   The  goal  of  these  experiments,  to  identify 
specific  protein-DNA  interactions,  would  be  to  discover  new 
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regulatory  proteins  or  understand  new  interactions  of  known 
transcription  factors. 

Most  studies  of  transcriptional  regulation  of  have 
limited  their  search  for  relevant  cis-active  elements  to 
stretches  of  the  5'  flanking  sequence  where  most  promoters 
are  located.   This  approach  precludes  identification  of 
potential  important  distant  regulatory  regions  such  as 
enhancers.   The  above  outlined  approach  is  more  likely  to 
identify  these  regions  and  the  role  of  chromatin  structure 
in  gene  regulation. 

Other  interesting  questions  concerning  iNOS  such  as  its 
physiological  importance  would  require  a  knockout  mouse 
model.   This  would  be  especially  informative  since  it  has 
not  been  possible  to  reproducibly  induce  macrophage  iNOS  in 
human  cells.   It  might  also  be  interesting  to  determine  if 
the  iNOS  gene  in  human  macrophages  is  developmentally 
regulated  by  attempting  to  induce  its  expression  from 
peripheral  blood  monocytes  obtained  from  cord  blood. 

Human  iNOS  has  recently  been  cloned  from  hepatocytes 
following  induction  with  a  mixture  of  pro-inflammatory 
cytokines.   It  would  be  very  interesting  to  characterize  the 
regulation  of  expression  of  human  iNOS  at  the  molecular 
level  and  to  determine  what  changes  have  occurred  in  the 
human  gene  to  confer  a  different  tissue  distribution  than 
the  murine  system.   Activation  of  murine  macrophage  iNOS  is 
thought  to  contribute  importantly  to  host  defense.  To  test 
whether  iNOS  could  similarly  boost  human  macrophage  killing 
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function,  one  could  create  human  macrophage  cell  lines 
stably  transfected  with  murine  macrophage  iNOS  and  challenge 
them  with  infectious  agents  like  tuberculosis  or  listeria. 

Another  interesting  direction  this  research  might  take 
is  to  examine  the  regulation  of  iNOS  in  other  murine 
tissues.   Preliminary  data  indicates  its  presence  in  rat 
brain  glia  cells.   If  it  were  also  inducible  in  mouse  glia, 
using  the  mouse  iNOS  genomic  clone,  and  published  data  on 
the  5'  flanking  seguence  regions  with  cytokine  responsive 
elements,  one  could  do  in  vivo   footprinting  to  define  sites 
of  protein-DNA  interaction  at  single  nucleotide  resolution, 
and  compare  these  findings  with  another  tissue  such  as  the 
macrophage . 

Manganese  Superoxide  Dismutase 

From  previous  experiments  in  this  laboratory  by  Dr. 
Dougall,  using  primer  extension  analysis,  the  major  start  of 
transcription  of  the  MnSOD  gene  is  at  position  -74  relative 
to  the  ATG  signal  (Hurt  et  al.,  1992).   Using  a  promoterless 
human  growth  hormone  expression  vector  and  transient 
transfection  studies,  deletion  analysis  of  the  5'  flanking 
sequence  of  the  MnSOD  gene  has  demonstrated  that  the 
sequence  between  positions  -227  (at  the  Sac  II  restriction 
site)  and  -119  (at  the  Nae  I  restriction  site)  is  required 
for  basal  expression.   There  was  no  diminution  of  basal 
expression  when  the  cloned  MnSOD  5'  flanking  sequence  was 
deleted  from  4500  bp  to  185  bp.   This  is  in  contrast  to  the 
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bovine  MnSOD  promoter  analysis  reported  by  Meyrick  and 
Magnuson  (1994) .   They  showed  a  step-like  reduction  in  basal 
reporter  gene  expression  as  the  5 •  flanking  sequence  was 
shortened  from  317,  182,  and  70  bp  upstream  from  the  start 
of  transfection.   In  addition  no  LPS  responsive  expression 
was  identified  in  1  kb  of  the  bovine  5'  flanking  sequence. 

In  our  constructs,  following  deletion  to  the  Nae  I 
site,  77  bp  of  MnSOD  sequence  remain  in  the  expression 
vector  (from  the  Nae  I  position  at  -119  to  position  -42  at 
the  Eag  I  restriction  site) .   These  77  bp  (containing  only 
46  bp  of  sequence  5'  to  the  start  of  transcription)  are 
insufficient  to  drive  expression  of  the  reporter  gene,  hGH. 
These  data  suggest  that  the  cis-acting  promoter  active 
elements  necessary  for  basal  expression  of  MnSOD  reside  in 
the  108  bp  between  positions  -227  and  -119.   To  test  this 
statement  directly,  and  exclude  any  functional  interaction 
between  this  108  bp  sequence  and  a  portion  of  the  remaining 
Nae  I  to  Eag  I  sequence,  one  would  need  to  clone  the  Sac  II 
to  Nae  I  fragment  into  a  promoter less  expression  vector 
without  the  Nae  I  to  Eag  I  sequence  and  look  for  expression 
of  the  reporter  gene. 

In  addition  to  supporting  basal  expression,  MnSOD 
genomic  sequence  from  Sac  II  to  Eag  I  was  sufficient  for 
full  induction  by  LPS  and  TNF-a.   With  the  loss  of  basal 
expression  when  shortened  to  the  Nae  I  site,  it  became 
impossible  to  more  closely  localize  the  sequences 
responsible  for  induction  by  these  inflammatory  agents.   We 
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can  conclude  that  the  promoter  active  elements  required  for 
LPS  and  TNF-a  induction  of  rat  MnSOD  expression  are  located 
within  the  185  bp  fragment  between  the  Sac  II  restriction 
site  at  position  -227  and  the  Eag  I  restriction  site  at 
position  -42.   Interestingly,  there  are  no  recognizable 
consensus  binding  sequences  in  this  fragment  such  as  NF-kB, 
NF-IL6  or  NF-ILl  that  have  been  shown  to  mediate  LPS  and 
TNF-a  induction  in  other  genes.   There  are,  however,  2  DNase 
I  hypersensitive  sites  within  this  sequence,  making  it 
intriguing  to  define  these  functional  promoter  elements  at 
higher  resolution.   Studies  using  gel  electrophoresis 
mobility  shift  assays  and/or  in  vivo   genomic  footprinting 
will  be  required.   If  a  unique  response  DNA  binding  protein 
is  suggested  from  the  in  vivo   footprint  analysis,  a 
synthetic  oligonucleotide  could  be  mixed  with  a  nuclear 
extract  made  from  LPS  or  TNF-a  treated  cells  to  isolate  the 
new  DNA  binding  protein. 

My  studies  identified  an  enhancer  within  the  MnSOD 
gene  located  3 '  to  the  start  of  transcription  between  the 
Hind  III  site  at  position  +1105  and  the  Hpa  I  site  at 
position  +4941  (both  relative  to  the  ATG  signal) .   Compared 
to  the  transcriptional  effect  of  other  enhancers,  the  MnSOD 
enhancer  increases  transcription  rather  modestly.   It  did, 
however,  more  than  double  expression  in  these  transient 
transf ection  studies  compared  to  the  5 '  flanking  sequence 
alone.   Further  deletions  from  this  3.8  kb  fragment  will 
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more  closely  define  the  location  of  the  enhancer  cis-active 
sequence . 

Most  sequences  possessing  enhancer  activity  function 
equally  well  in  either  orientation.   Therefore,  it  is 
somewhat  unusual  that  the  MnSOD  enhancer  is  almost 
nonfunctional  when  cloned  into  the  expression  vector  in  the 
3'  to  5'  orientation.   Future  experiments  will  examine  the 
enhancer  function  in  closer  detail.   For  example,  once  the 
enhancer  active  element  is  further  localized,  it  may  be 
advisable  to  reverse  its  orientation  without  alterring  its 
distance  from  the  5 '  promoter  sequences  by  cloning  with  an 
appropriate  length  of  "stuff er  DNA" . 

Other  experiments  that  remain  to  be  done  on  the  MnSOD 
enhancer  include  testing  its  activity  with  a  heterologous 
promoter.   A  human  growth  hormone  expression  vector  is 
available  containing  a  minimal  thymidine  kinase  promoter 
that  could  be  employed  for  these  experiments.   The  thymidine 
kinase  promoter  is  totally  dissimilar  to  the  MnSOD  promoter 
in  that  it  contains  a  TATA  box  and  no  cytokine 
responsiveness.   Perhaps  a  more  interesting  experiment  would 
be  to- clone  the  MnSOD  enhancer  sequence  into  a  vector 
containing  a  heterologous  but  cytokine-responsive  promoter 
like  iNOS.   By  comparing  the  enhancer  function  in  the  two 
different  types  of  heterologous  promoters,  one  might  define 
a  new  class  of  cytokine  specific  enhancers  whose  function  is 
orientation  dependent. 


ii; 


•-  r't\ 


REFERENCES 

Bazett- Jones,  D.P.,  Leblanc,  B.,  Herfort,  M. ,  &  Moss,  T. 
(1994) .  Short-range  DNA  looping  by  the  Xenopus  HMG-box 
transcription  factor,  xUBF.  Science,   264,    1134-1137. 

Beckman,  J.S.,  Beckman,  T.W.,  Chen,  J.,  Marshall,  P.A. ,  & 
Freeman,  B.A.  (1990) .  Apparent  hydroxyl  radical  production 
by  peroxynitite:  Implications  for  endothelial  injury  from 
nitric  oxide  and  superoxide.  Proc  Natl  Acad  Sci,    87, 
1620-1624. 

Beckman,  J.S.,  Carson,  M. ,  Smith,  CD.,  &  Koppenol,  W.H. 
(1993).  ALS,  SOD  and  peroxynitrite.  Nature,  364,    584. 

Beckman,  J.S.,  Chen,  J.,  Ischiropoulos,  H.,  &  Crow,  J. P. 
(1994) .  Oxidative  chemistry  of  peroxynitrite.  Meth  in 
Enzymol.    Oxygen  radicals  in  biological   systems,    233, 
229-240. 

Betts,  J.C.,  Cheshire,  J.K.,  Akira,  S.,  Kishimoto,  T.,  & 
Woo,  P.  (1993) .  The  role  of  NF-kB  and  NF-IL6  transactivating 
factors  in  the  synergistic  activation  of  human  serum  amyloid 
A  gene  expression  by  inter leukin-1  and  inter leukin-6.  J  Biol 
Chem,    268,    25624-25631. 

Bogdan,  C,  Paik,  J.,  Vodovotz,  Y.,  &  Nathan,  C.  (1992). 
Contrasting  mechanisms  for  suppression  of  macrophage 
cytokine  release  by  transforming  growth  factor-/3  and 
inter leukin-10.  J  Biol  Chem,   267,    23301-23308. 

Bogdan,  C. ,  Vodovotz,  Y. ,  &  Nathan,  C.  (1991).  Macrophage 
deactivation  by  interleukin-10.  J  Exp  Med,    174,    1549-1555. 

Boveris,  A.  (1977) .  Mitochondrial  production  of  superoxide 
radical  and  hydrogen  peroxide.  Adv  Exp  Bio  Med,    78,    67-82. 

Bredt,  D.S.,  &  Snyder,  S.H.  (1994).  Nitric  oxide:   A 
physiologic  messenger  molecule.  Annu  Rev  Biochem,    63, 
175-195. 

Brown,  K.,  &  Fidovich,  I.  (1981).  DNA  strand  scission  by 
enzymatically  generated  oxygen  radicals.  Arch  Biochem 
Biophys,    206,    414-419. 


98 


99 

Callis,  J.,  Fromm,  M. ,  &  Walbot,  V.  (1987).  Introns  increase 
gene  expression  in  cultured  maize  cells.  Genes  Dev,    1, 
1183-1200. 

Chesrown,  S.E.,  Monnier,  J.,  Visner,  G.A.,  &  Nick,  H.S. 
(1994)  .  Regulation  of  inducible  nitric  oxide  synthase  inRNA 
levels  by  LPS,  INF-7,  TGF-/3,  and  IL-10  in  murine  macrophage 
cell  lines  and  rat  peritoneal  macrophages.  Biochem  Biophys 
Res  Comm,    200,    126-134. 

Chomczynski,  P.,  &  Sacchi,  N.  (1987).  Single-step  method  of 
RNA  isolation  by  acid  guanidinium 

thiocyanate-phenol-chloroform  extraction.  Anal  Biochem,    162, 
156-159. 

Condino-Neto,  A.,  Muscara,  N. ,  Grumach,  S., 

Carneiro-Sampaio,  M.M.S.,  &  de  Nucci,  G.  (1993).  Neutrophils 
and  mononuclear  cells  from  patients  with  chronic 
granulomatous  disease  release  nitric  oxide.  Br  J  Clin 
Pharmac,    35,    485-490. 

Corradin,  S.B.,  Fasel,  N. ,  Buchmuller-Rouiller,  Y. ,  Ransijn, 
A.,  Smith,  J.,  &  Mauel,  J.  (1993).  Induction  of  macrophage 
nitric  oxide  production  by  interferon-7  and  tumor  necrosis 
factor-a  is  enhanced  by  interleukin-10.  Eur  J  Immunol,    23, 
2045-2048. 

Cullen,  K.E.,  Kladde,  M.P.,  &  Seyfred,  M.A.  (1993). 
Interaction  between  transcription  regulatory  regions  of 
prolactin  chromatin.  Science,    261,    203-206. 

Cunha,  F.G.,  Moncada,  S.,  &  Liew,  F.Y.  (1992). 
Interleukin-10  (IL-10)  inhibits  the  induction  of  nitric 
oxide  synthase  by  interferon-7  in  murine  macrophages. 
Biochem  Biophys  Res  Comm,    182,    1155-1159. 

Cunha,  F.Q.,  Moss,  D.W.  ,  Leal,  L.M.C.C,  Moncada,  S.,  & 
Liew,  F.Y.  (1993) .  Induction  of  macrophage  parasiticidal 
activity  by  Staphylococcus  aureus   and  exotoxins  through  the 
nitric  oxide  synthesis  pathway.  J  Immunol,    78,    563-567. 

de  Waal  Malefyt,  R. ,  Haanen,  J.,  Spits,  H. ,  Roncarolo,  M.G., 
te  Velde,  A.,  Figdor,  C,  Johnson,  K. ,  Kastelein,  R. ,  Yssl, 
H.,  &  de  Vries,  J.E.  (1991).  Interleukin  10  (IL-10)  and 
viral  IL-10  strongly  reduce  antigen-specific  human  T  cell 
proliferation  by  diminishing  the  antigen-presenting  capacity 
of  monocytes  via  downregulation  of  class  II  major 
histocompatibility  complex  expression.  J  Exp  Med,    174,    915- 
924. 


100 

de  Waal  Malefyt,  R. ,  Abrams,  J.,  Bennett,  B.,  Figdor,  C. ,  & 
de  Vries,  J.E.  (1991).  Interleukin  10  (IL-10)  inhibits 
cytokine  synthesis  by  human  monocytes:  an  autoregulatory 
role  of  IL-10  produced  by  monocytes.  J  Exp  Med,    174,    1209- 
1220. 

Denis,  M.  (1991).  Txmor  necrosis  factor  and  granulocyte 
macrophage-colony  stimulating  factor  stimulate  human 
macrophages  to  restrict  growth  of  virulent  Mycobacterium 
avium  and  to  kill  avirulent  M.  avium:  Killing  effector 
mechanism  depends  on  the  generation  of  reactive  nitrogen 
intermediates.  J  Leuk  Biol,    49,    380-387. 

Desai,  K.M.,  Sessa,  W.C.,  &  Vane,  J.R.  (1991).  Involvement 
of  nitric  oxide  in  the  reflex  relaxation  of  the  stomach  to 
accommodate  food  or  fluid.  Nature,    351,    477-479. 

Dinauer,  M.C.,  &  Orkin,  S.H.  (1992).  Chronic  granulomatous 
disease.  Annu  Rev  Med,    43,    117-124. 

Dougall,  W.C.  (1990).  The  rat  manganese  superoxide 
dismutase:  Cloning  and  gene  regulation.  Doctoral  Thesis, 
University  of  Florida. 

Dougall,  W.C,  &  Nick,  H.S.  (1991).  Manganese  superoxide 
dismutase:  A  hepatic  acute  phase  protein  regulated  by 
inter leukin-6  and  glucocorticoids.  Endocrinol,    129, 
2376-2384. 

Dunn,  T.M.,  Hahn,  S.,  Ogden,  S.,  &  Schleif,  R.  (1984).  An 
operator  at  -280  base  pairs  that  is  required  for  repression 
of  araBAD  operon  promoter:  Addition  of  DNA  helical  turns 
between  the  operator  and  promoter  cyclically  hinders 
repression.  Proc  Natl  Acad  Sci,    81,    5017-5020. 

Dynan,  W.S.,  Sazer,  S.,  Tjian,  R. ,  &  Schimke,  R.T.  (1986). 
Transcription  factor  Spl  recognizes  a  DNA  sequence  in  the 
mouse  dihydrofolate  reductase  promoter.  Nature,    319, 
246-248. 

Dynan*/  W.S.,  &  Tjian,  R.  (1985).  Control  of  eukaryotic 
messenger  RNA  synthesis  by  sequence-specific  DNA-binding 
proteins.  Nature,    316,    774-778. 

Evans,  T.G.,  Thai,  L. ,  Granger,  D.L.,  &  Hibbs,  J.B.,  Jr. 
(1993) .  Effect  of  in  vivo   inhibition  of  nitric  oxide 
production  in  murine  leishmaniasis.  J  Immunol,    151,    907-915. 

Felsenfeld,  G.  (1992) .  Chromatin  as  an  essential  part  of  the 
transciptional  mechanism.  Nature,    355,    219-224. 

Florentine,  D.F.,  Zlotnik,  A.,  Mosmann,  T.R. ,  Howard,  M. ,  & 
O'Garra,  A.  (1991).  IL-10  inhibits  cytokine  production  by 
activated  macrophages.  J  Immunol,    147,    3815-3822. 


101 

Flynn,  J.L.,  Chan,  J.,  Triebold,  K.J.,  Dalton,  D.K., 
Stewart,  T.A. ,  &  Bloom,  B.R.  (1993).  An  essential  role  for 
interferon  7  in  resistance  to  Mycobacterium  tuberculosis 
infection.  J  Exp  Med,    178,    2249-2254. 

Freeman,  B.A. ,  &  Crapo,  J.D.  (1982).  Free  radicals  and 
tissue  injury.  Lab  Invest,    47,    412-426. 

Gazzinelli,  R.T.,  Oswald,  I. P.,  James,  S.L.,  &  Sher,  A. 
(1992) .  IL-10  inhibits  parasite  killing  and  nitrogen  oxide 
production  by  IFN-7-activated  macrophages.  J  Immunol,    148, 
1792-1796. 

Geller,  D.A.,  Di  Silvio,  M. ,  Nussler,  A.K.,  Wang,  S.C., 
Shapiro,  R.A. ,  Simmons,  R.L.,  &  Billiar,  T.R.  (1993).  Nitric 
oxide  synthase  expression  is  induced  in  hepatocytes  in  vivo 
during  hepatic  inflammation.  J  Surg  Res,    55,    427-432. 

Geller,  D.A. ,  Lowenstein,  C.J.,  Shapiro,  R.A.,  Nussler, 
A.K.,  Di  Silvio,  M. ,  Wang,  S.C.,  Nakayama,  D.K. ,  Simmons, 
R.L.,  Synder,  S.H.,  &  Billiar,  T.R.  (1993).  Molecular 
cloning  and  expression  of  inducible  nitric  oxide  synthase 
from  human  hepatocytes.  Proc  Natl   Acad  Sci,    90,    3491-3495. 

Giese,  K.,  &  Grosschedl,  R.  (1993).  LEF-1  contains  an 
activation  domain  that  stimulates  transciption  only  in  a 
specific  context  of  factor-binding  sites.  EMBO,    12, 
4667-4676. 

Green,  S.J.,  Nacy,  C.A. ,  &  Meltzer,  M.S.  (1991). 
Cytokine- induced  synthesis  of  nitrogen  oxides  in 
macrophages:  A  protective  host  response  to  Leishmania   and 
other  intracellular  pathogens.  J  Leuk  Biol,    50,    93-103. 

Gross,  D.S.,  &  Garrard,  W.T.  (1988).  Nuclease  hypersensitive 
sites  in  chromatin.  Ann  Rev  Biochem,    57,    159-197. 

Halliwell,  B.,  &  Gutteridge,  J.M.  (1990).  Role  of  free 
radicals  and  catalytic  metal  ions  in  human  disease:  An 
overview.  Meth  in  Enzymol\ (Part  B) Oxygen  radicals  in 
biological   systems   1-85. 

Harris,  E.D.  (1992) .  Regulation  of  antioxidant  enzymes. 
FASEB,    6,    2675-2683. 

Higuchi,  W. ,  Nigashi,  N.,  Taki,  H. ,  &  Osawa,  T.  (1990). 
Cytolytic  mechanisms  of  activated  macrophages.  J  Immunol, 
144,    1425-1431. 

Ho,  Y.,  Howard,  A. J. ,  &  Crapo,  J.D.  (1991).  Molecular 
structure  of  a  functional  rat  gene  for  manganese-containing 
superoxide  dismutase.  Am  J  Respir  Cell  Mol  Biol,    4,    278-286. 


102 

Hochschild,  A.,  &  Ptashne,  M.  (1986).  Cooperative  binding  of 
X  repressors  to  sites  separated  by  integral  turns  of  the  DNA 
helix.  Cell,    44,    681-687. 

Hsu,  J.L.  (1993) .  Characterization  of  rat  copper/zinc 
superoxide  dismutase  gene  and  chromatin  structure  analysis 
of  rat  manganese  superoxide  dismutase  gene.  Doctoral  Thesis, 
University  of  Florida. 

Hurt,  J.,  Hsu,  J.L.,  Dougall,  W.C.,  Visner,  G.A.,  Burr, 
I.M.,  &  Nick,  H.S.  (1992).  Multiple  mRNA  species  generated 
by  alternate  polyadenylation  from  the  rat  manganese 
superoxide  dismutase  gene.  Nucleic  Acids  Res,    20,    2985-2990. 

Judde,  J.,  &  Max,  E.E.  (1992).  Characterization  of  the  human 
immunoglobulin  kappa  gene  3'  enhancer:  functional  importance 
of  three  motifs  that  demonstrate  B-cell-specif ic  in  vivo 
footprints.  Mol    Cell   Biol,    12,    5206-5216. 

Junquero,  D.C.,  Scott-Burden,  T.,  Schini,  V.B.,  &  Vanhoutte, 
P.M.  (1992) .  Inhibition  of  cytokine-induced  nitric  oxide 
production  by  transforming  growth  factor-/3l  in  human  smooth 
muscle  cells.  J  Physiol,    454,    451-465. 

Karupiah,  G. ,  Xie,  Q.R.,  Buller,  M.L.,  Nathan,  C. ,  Duarte, 
C,  &  MacMicking,  J.D.  (1993).  Inhibition  of  viral 
replication  by  interferon-7-induced  nitric  oxide  synthase. 
Science,   261,    1445-1448. 

Kehrer,  J. P.  (1993) .  Free  radicals  as  mediators  of  tissue 
injury  and  disease.  Crit  Rev  Toxicol,   23,    21-48. 

Kilbourn,  R.G.,  &  Belloni,  P.  (1990).  Endothelial  cell 
production  of  nitrogen  oxides  in  response  to  interf eron-7  in  y 
combination  with  tumor  necrosis  factor,  inter leukin-1,  or 
endotoxin.  J  Natl   Cancer  Inst,    82,    772-776. 

Kilbourn,  R.G.,  Gross,  S.S.,  Jubran,  A.,  Adams,  J., 
Griffith,  O.W.,  Levi,  R. ,  &  Lodato,  R.F.  (1990). 
No-me^thyl-L-arginine  inhibits  tumor  necrosis  factor- induced 
hypotension:  implications  for  the  involvement  of  nitric 
oxide.  Proc  Natl  Acad  Sci,    87,    3629-3632. 

Kilbourn,  R.G.,  Jubran,  A.,  Gross,  S.S.,  Griffith,  O.W., 
Levi,  R. ,  Adams,  J.,  &  Lodato,  R.F.  (1991).  Reversal  of 
endotoxin-mediated  shock  by  No-methyl-L-arginine,  an       \,  - 
inhibitor  of  nitric  oxide  synthesis.  Biochem  Biophys  Res 
Coim,    172,    1132-1138. 

Kishimoto,  J.,  Spurr,  N. ,  Liao,  M. ,  Lizhi,  L. ,  Emson,  P.,  & 
Xu,  W.  (1992) .  Localization  of  brain  nitric  oxide  synthase 
(NOS)  to  human  chromosome  12.  Genomics,    14,    802-804. 


103 

Kriegler,  M.P.  (1990) .  DEAE  dextran  transfection  method. 
Gene   transfer  and  expression:   A  laboratory  manual.      New 
York:  Stockton  Press. 

LeClair,  K.P.,  Blanar,  M.A. ,  &  Sharp,  P. A.  (1992).  The  p50 
subunit  of  NF-xb  associates  with  the  NF-IL6  transciption 
factor.  Proc  Natl  Acad  Sci,    89,    8145-8149. 

Li,  X.,  &  Liao,  W.S.L.  (1992).  Cooperative  effects  of 
C/EBP-like  and  NFxB-like  binding  sites  on  rat  serum  amyloid 
Al  gene  expression  in  liver  cells.  Nucleic  Acids  Res,   20, 
4765-4772. 

Liew,  F.Y.,  Millott,  S.,  Parkinson,  C. ,  Palmer,  R.M. ,  & 
Moncada,  S.  (1990) .  Macrophage  killing  of  Leishmania 
parasite  in  vivo   is  mediated  by  nitric  oxide  from 
L-arginine.  J  Immunol,    144,    4794-4797. 

Lilley,  D.M.  (1992)  .  HMG  has  DNA  wrapped  up.  Nature,    357, 
282-283. 

Lin,  J.,  Seguin,  R. ,  Keller,  K. ,  &  Chadee,  K.  (1994).  Tumor 
necrosis  factor  alpha  augments  nitric  oxide-dependent 
macrophage  cytotoxicity  against  entamoeba  histolytica  by 
enhanced  expression  of  the  nitric  oxide  synthase  gene. 
Infect   Immun,    62,    1534-1541. 

Liochev,  S.I.,  &  Fridovich,  I.  (1991).  Effects  of 
overproduction  of  superoxide  dismutase  on  the  toxicity  of 
paraquat  toward  Escherichia  coli.   J  Biol   Chem,    266, 
8747-8750. 

Lorsbach,  R.B.,  Murphy,  W.J.,  Lowenstein,  C.J.,  Snyder, 
S.H.,  &  Russell,  S.W.  (1993).  Expression  of  the  nitric  oxide 
synthase  gene  in  mouse  macrophages  activated  for  tumor  cell 
killing.  J  Biol   Chem,    268,    1908-1913. 

Lowenstein,  C.J.,  Glatt,  C.S.,  Bredt,  D.S.,  &  Snyder,  S.H. 
(1992) .  Cloned  and  expressed  macrophage  nitric  oxide 
synthase  contrasts  with  the  brain  enzyme.  Proc  Natl  Acad 
Sci,    89,    6711-6715. 

Lowenstein,  C.J.,  &  Snyder,  S.H.  (1992).  Nitric  oxide,  a 
novel  biologic  messenger.  Cell,    70,    705-707. 

Lowenthal,  J.W. ,  Ballard,  D.W. ,  Bogerd,  H. ,  Bohnlein,  E. ,  & 
Greene,  W.C.  (1989).  Tumor  necrosis  factor-a  activation  of 
the  IL-2  receptor-a  gene  involves  the  induction  of 
KB-specific  DNA  binding  proteins.  J  Immunol,    142,    3121-3128. 

Lyons,  C.R.,  Orloff,  G. J. ,  &  Cunningham,  J.M.  (1992). 
Molecular  cloning  and  functional  expression  of  an  inducible 
nitric  oxide  synthase  from  a  murine  macrophage  cell  line.  J 
Biol    Chem,    267,    6370-6374. 


104 

Maly,  F.E.,  Schuerer-Maly,  C.C.,  Quilliam,  L. ,  Cochrane, 
C.G.,  Newburger,  P.E.,  Curnutte,  J.T.,  Gifford,  M. ,  & 
Dinauer,  M.C.  (1993) .  Restitution  of  superoxide  generation 
in  autosomal  cytochrome-negetive  chronic  granulomatous 
disease  (A22°  CGD) -derived  B  lymphocyte  cell  lines  by 
transfection  with  p22'*°^  cDNA.  J  Exp  Med,    178,    2047-2053. 

Marsden,  P. A.,  Schappert,  K.T.,  Chen,  H.S.,  Flowers,  M. , 
Sundell,  C.L.,  Wilcox,  J.N.,  Lamas,  S.,  &  Michel,  T.  (1992). 
Molecular  cloning  and  characterization  of  human  endothelial 
nitric  oxide  synthase.  FEES  Let,    307,    287-293. 

Matsusaka,  T. ,  Fujikawa,  K. ,  Nishio,  Y.,  Mukaida,  N. , 
Matsushima,  K. ,  Kishimoto,  T.,  &  Akira,  S.  (1993). 
Transcription  factors  NF-IL6  and  NF-kB  synergistically 
activate  transcription  of  the  inflammatory  cytokines, 
inter leukin  6  and  interleukin  8.  Proc  Natl   Acad  Sci ,    90, 
10193-10197. 

Meyrick,  B.  &  Magnuson,  M.A.  (1994).  Identification  and 
functional  characterization  of  the  bovine  manganous 
superoxide  dismutase  promoter.  Am  J  Respir  Cell  Mol  Biol, 
10,    113-121. 

Moncada,  S.,  &  Higgs,  E.A.  (1991).  Endogenous  nitric  oxide: 
Physiology,  pathology  and  clinical  relevance.  Eur  J  Clin 
Invest,    21,    361-374. 

Mukaida,  N. ,  Mahe,  Y.,  &  Matsushima,  K.  (1990).  Cooperative 
interaction  of  nuclear  factor-xB-  and  cis-regulatory 
enhancer  binding  protein-like  factor  binding  elements  in 
activating  the  interleukin-8  gene  by  pro- inflammatory 
cytokines.  J  Biol   Chem,    265,    21128-21133. 

Muller,  J.M.,  Ziegler-Heitbrock,  H.W.L.,  &  Baeuerle,  P. A. 
(1993)  .  Nuclear  factor  kB,    a  mediator  of  lipopolysaccharide 
effects.  JmjnunoJbi  ol ,  187,    233-256. 

Munoz-Fernandez,  M.A.,  Fernandez,  M.A.,  &  Fresno,  M.  (1992). 
Activation  of  human  macrophages  for  the  killing  of 
intracellular  Trypanosoma  cruzi  by  TNF-ot  and  IFN-7  through  a 
nitric  oxide-dependent  mechanism.  Immunol  Let,    33,    35-40. 

Nathan,  C.  (1992).  Nitric  oxide  as  a  secretory  product  of 
mammalian  cells.  FASEB,    6,    3051-3064. 

Nelson,  B.J.,  Ralph,  P.,  Green  S. J. ,  &  Nacy,  C.A.  (1991). 
Differential  susceptibility  of  activated  macrophage 
cytotoxic  effector  reactions  to  the  suppressive  effects  of 
transforming  growth  factor-/3l.  J  Immunol,    146,    1849-1857. 

Nunokawa,  Y.,  Ishida,  N. ,  &  Tanaka,  S.  (1993).  Cloning  of 
inducible  nitric  oxide  synthase  in  rat  vascular  smooth 
muscle  cells.  Biochem  Biophys  Res  Comm,    191,    89-94. 


V^^'s.'^.v 


105 

Nussler,  A.K.,  Di  Silvio,  M. ,  Billiar,  T.R.,  Hoffman,  R.A., 
Geller,  D.A. ,  Selby,  R. ,  Madariaga,  J.,  &  Simmons,  R.L. 
(1992) .  Stimulation  of  the  nitric  oxide  synthase  pathway  in 
human  hepatocytes  by  cytokines  and  endotoxin.  J  Exp  Med, 
176,    261-264. 

Oswald,  I. P.,  Gazzinelli,  R.T.,  Sher,  A.,  &  James,  S.L. 
(1992) .  IL-10  synergizes  with  IL-4  and  transforming  growth 
factor-j8  to  inhibit  macrophage  cytotoxic  activity.  J 
Immunol,    148,    3578-3582.      <  . 

Oury,  T.D.,  Ho,  Y.,  Piantadosi,  C.A. ,  &  Crapo,  J.D.  (1992). 
Extracellular  superoxide  dismutase,  nitric  oxide,  and 
central  nervous  system  O^   toxicity.  Proc  Natl  Acad  Sci ,    89, 
9715-9719. 

Patestos,  N.P.,  Haegeman,  G. ,  Vandevoorde,  V.,  &  Fiers,  W. 
(1993) .  Activation  of  the  nuclear  factor  kB  is  not 
sufficient  for  regulation  of  tumor  necrosis  factor-induced 
interleukin-6  gene  expression.  Biochimie,    75,    1007-1018. 

Pfeilschifter,  J.,  &  Vosbeck,  K.  (1992).  Transforming  growth 
factor  32  inhibits  interleukin  1/3-  and  tumor  necrosis  factor 
a-induction  of  nitric  oxide  synthase  in  rat  renal  mesangial 
cells.  Biochem  Biophys  Res  Comm,    175,    372-379. 

Ptashne,  M.  (1986).  Gene  regulation  by  proteins  acting 
nearby  and  at  a  distance.  Nature,    322,    697-701. 

Queen,  C. ,  &  Baltimore,  D.  (1983).  Immunoglobulin  gene 
transciption  is  activated  by  downstream  sequence  elements. 
Cell,    33,    741-748. 

Schleif,  R.  (1987).  Why  should  DNA  loop?  Nature,    327, 
369-370. 

Schneemann,  M. ,  Schoedon,  G.,  Hofer,  S.,  Blau,  N.,  Guerrero, 
L. ,  &  Schaffner,  A.  (1993).  Nitric  oxide  synthase  is  not  a 
constituent  of  the  antimicrobial  armature  of  human 
mononuclear  phagocytes.  J  Infect  Dis ,    167,    1358-1363. 

Segal,  A.W. ,  &  Abo,  A.  (1993).  The  biochemical  basis  of  the 
NADPH  oxidase  of  phagocytes.  TIBS,    18,  43-47.         ^r^; 

Selden,  R.F.,  Howie,  K.B.,  Rowe,  M.E.,  Goodman,  H.M. ,  & 
Moore,  D.D.  (1986).  Human  growth  hormone  as  a  reporter  gene 
in  regulation  studies  employing  transient  gene  expression. 
Mol    Cell    Biol,    6,    3171-3179. 

Serfling,  E. ,  Jasin,  M. ,  &  Schaffner,  W.  (1985).  Enhancers 
and  eukaryotic  gene  transcription.  TIG,    1   224-230. 


106 

Shull,  S.,  Heintz,  N.H. ,  Periasamy,  M. ,  Manohar,  M. , 
Janssen,  Y.M.,  Marsh,  J. P.,  &  Mossman,  B.T.  (1991). 
Differential  regulation  of  antioxidant  enzymes  in  response 
to  oxidants.  J  Biol   Chem,    266,    24398-24403. 

SimJcevich,  C.P.,  Thompson,  J. P.,  Poppleton,  H.  ,  &  Raghow,  R. 
(1992) .  The  transcriptional  tissue  specificity  of  the  human 
proal(I)  collagen  gene  is  determined  by  a  negative 
cis-regulatory  element  in  the  promoter.  Biochem  J,    286, 
179-185. 

Smith,  R.M.,  &  Curnutte,  J.T.  (1991).  Molecular  basis  of 
chronic  granulomatous  disease.  Blood,    77,    673-686. 

Stein,  B.,  Cogswell,  P.C,  &  Baldwin,  A.S.  (1993). 
Functional  and  physical  associations  between  NF-kB  and  C/EBP 
family  members:  A  rel  domain-bZIP  interaction.  Hoi   Cell 
Biol,    13,    3964-3974. 

Stuehr,  D.J.,  &  Griffith,  O.W.  (1992).  Mammalian  nitric 
oxide  synthases.  Adv  Enzymol   Rel  Areas  of  Mol  Biol,    65,    287- 
346. 

Su,  W.,  Porter,  S.,  Kustu,  S.,  &  Echols,  H.  (1990) . 
DNA-looping  and  enhancer  activity:  Association  between 
DNA-bound  NtrC  activator  and  RNA  polymerase  at  the  bacterial 
gink   promoter.  Proc  Natl   Acad  Sci ,    87,    5504-5508. 

Svingen,  B.A.,  O'Neal,  F.O.,  &  Aust,  S.D.  (1978).  The  role 
of  superoxide  and  singlet  oxygen  in  lipid  peroxidation. 
Photochem  Photobiol ,    28,    803-809. 

Takimoto,  Y.,  &  Kuramoto,  A.  (1993).  Presence  of  a 
regulatory  element  within  the  first  intron  of  the  human 
platelet-derived  growth  factor-A  chain  gene.  Jpn  J  Cancer 
Res,    84,    1268-1272. 

Tjian,  R.,  &  Maniatis,  T.  (1994).  Transcriptional 
Activation:  A  complex  puzzle  with  few  easy  pieces.  Cell,    77, 
5-8.  .. 

Turrens,  J.F.,  &  Boveris,  A.  (1980).  Generation  of 
superoxide  anion  by  NADH  dehydrogenase  of  bovine  heart 
mitochondria.  Biochem  J,    191,    421-427. 

Visner,  G.A.,  Block,  E.R. ,  Burr,  I.M.,  &  Nick,  H.S.  (1991). 
Regulation  of  manganese  superoxide  dismutase  in  porcine 
pulmonary  artery  endothelial  cells.  Am  J  Physiol  Lung  Cell 
Mol    Physiol,    260,    L444-L449. 

Visner,  G.A.  ,  Dougall,  W.C,  Wilson,  J.M.  ,  Burr,  I.M.,  & 
Nick,  H.S.  (1990).  Regulation  of  manganese  superoxide 
dismutase  by  lipopolysaccharide,  inter leukin-1,  and  tumor 
necrosis  factor.  J  Biol  Chem,    265,    2856-2864. 


107 

Visner,  G.A.,  Chesrown,  S.E.,  Monnier,  J.,  Ryan,  U. ,  Nick, 
H.  (1992) .  Regulation  of  manganese  superoxide  dismutase:  IL- 
1  and  TNF  induction  in  pulmonary  artery  and  microvascular 
endothelial  cells.  Biochem  Biophys  Res  Comm,    188,    453-462. 

Winterbourn,  C.C.  (1993).  Superoxide  as  an  intracellular 
radical  sink.  Free  Rad  Biol   Med,    14,    85-90. 

Wispe,  J.R.,  Warner,  B.B.,  Clark,  J.C.,  Dey,  C.R.,  Neuman, 
J.,  Glasser,  S.W.,  Crapo,  J.D.,  Chang,  L. ,  &  Whitsett,  J. A. 
(1992) .  Human  Mn-superoxide  dismutase  in  pulmonary 
epithelial  cells  of  transgenic  mice  confers  protection  from 
oxygen  injury.  J  Biol  Chem,    267,    23937-23941. 

Wolffe,  A. P.  (1994).  Architectural  transcription  factors. 
Science,   264,    1100-1101. 

Wong,  G.H.,  Elwell,  J.H.,  Oberley,  L.W. ,  &  Goeddel,  D.V. 
(1989) .  Manganous  superoxide  dismutase  is  essential  for 
cellular  resistance  to  cytotoxicity  of  tumor  necrosis 
factor.  Cell,    58,    923-931. 

Wood,  E.R.,  Berger,  H.Jr.,  Sherman,  P. A.,  &  Lapetina,  E.G. 
(1993).  Hepatocytes  and  macrophages  express  an  identical 
cytokine  inducible  nitric  oxide  synthase  gene.  Biochem 
Biophys  Res  Comm,    191,    161 -11  A. 

Xie,  Q.R.,  Cho,  H.J.,  Calaycay,  J.,  Mumford,  R.A.,  Swiderek, 
K.M.,  Lee,  T.D. ,  Ding,  A.,  Troso,  T. ,  &  Nathan,  C.  (1992). 
Cloning  and  characterization  of  inducible  nitric  oxide 
synthase  from  mouse  macrophages.  Science,    256,    225 

Zhang,  Y.,  &  Rom,  W.N.  (1993).  Regulation  of  the 
interleukin-ljS  (IL-lj8)  gene  by  mycobacterial  components  and 
lipopolysaccharide  is  mediated  by  two  nuclear  factor-IL6 
motifs.  Mol    Cell   Biol,    13,    3831-3837. 


BIOGRAPHICAL  SKETCH 

Sarah  Elizabeth  Chesrown  was  born  on  April  23,  1945,  in 
Norwalk,  Ohio.   She  grew  up  in  northern  Ohio  on  the  shore  of 
Lake  Erie;  she  graduated  from  Elyria  High  School  in  1963, 
and  received  her  Bachelor  of  Arts  in  chemistry  from  Indiana 
University  in  1967.   She  received  her  Doctor  of  Medicine 
from  the  Medical  College  of  Virginia  in  1971,  and  completed 
clinical  training  in  pediatrics  and  pediatric  pulmonology  at 
the  University  of  Southern  California,  Cincinnati 
University,  the  University  of  California  at  San  Francisco, 
and  Harvard  Medical  School. 

Sarah  joined  the  faculty  of  the  Department  of 
Pediatrics  at  the  University  of  Florida  in  1979.   She  served 
as  Division  Chief  of  the  Pediatric  Pulmonology  and  Cystic 
Fibrosis  Division  from  1984  to  1989  before  beginning  her 
graduate  studies  in  the  Department  of  Biochemistry  and 
Molecular  Biology  under  the  direction  of  Dr.  Harry  S.  Nick. 
Following  completion  of  the  requirements  for  the  degree  of 
Doctor  of  Philosophy,  Sarah  will  resume  her  faculty  position 
in  the  Department  of  Pediatrics  at  the  University  of 
Florida.   She  will  continue  studies  in  collaboration  with 
Dr.  Nick  on  gene  regulation  in  disorders  of  the  lung. 


108 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality,  as 
a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


Harry  ^C  I  Nick,  Chairman 
Associate  Professor  of 
Biochemistry  and 
Molecular  Biology 

I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality,  as 
a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


::tor  or  Phiio^pny. 

Daniel  L.  Purich  '^ 
Professor  of  Biochemistry 
and  Molecular  Biology 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality,  as 
a  dissertation  for  the  degree  of  Doctpx^of  Philosophy^ 


Cjl^ 


Richard  P.  Boyce      (j 
Professor  of  Biochemistry 
and  Molecular  Biology 

I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality,  as 
a  dissertation  for  the  degree  of  Doctor  of  Philosophy^ 


L.  ly-^A'/l 


JUU-"^^ 


Peter  M.  McGuire 

Assistant  Professor  of 
Biochemistry  and 
Molecular  Biology 


I  certify  that  I  have  read  this  study  and  that  in  my 
opinion  it  conforms  to  acceptable  standards  of  scholarly 
presentation  and  is  fully  adequate,  in  scope  and  quality,  as 
a  dissertation  for  the  degree  of  Doctor  of  Philosophy. 


lobert  :y.    Perl 
Professor  of  Plant 

Molecular  and  Cellular 

Biology 

This  dissertation  was  submitted  to  the  Graduate  Faculty 
of  the  College  of  Medicine  and  to  the  Graduate  School  and  was 
accepted  as  partial  fulfillment  of  the  requirements  for  the 
degree  of  Doctor  of  Philosophy. 


December,  1994  /  / [rgkO..    A  JkQ, 

Medicine 


Dean,  College 
Medicine 

Dean,  Graduate  School 


r^ 


I    '■i- 


UNIVERSITY  OF  FLORIDA 

lllillllllllliililll 

3  1262  08554  5126 


